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Chapter 1 ®)
Endophytic Microorganisms as Biological <z
Control Agents for Plant Pathogens: A

Panacea for Sustainable Agriculture

Charles Oluwaseun Adetunji, Deepak Kumar, Meenakshi Raina,
Olawale Arogundade, and Neera Bhalla Sarin

Abstract The utilization of endophytic microorganisms as natural biological con-
trol agents could serve as a permanent replacement to the synthetic chemicals used in
the management of plant pathogens. The constant usage of pesticides has led not
only to pest and disease resistance but also bioaccumulation and biomagnification of
the chemicals, subsequently leading to environmental pollution and health hazards.
Mitigating the effects of the long-term usage of chemical pesticides remains one of
the greatest challenges in achieving sustainable agriculture. Thus, to achieve sus-
tainable goals, which include safe environment, food safety, healthy lives, and
sustainable agriculture, there is an increased need for alternatives in pest manage-
ment. Utilizing beneficial microorganisms has been considered an alternative. In
view of these, this chapter intends to report the recent trends in the application of
endophytic microorganisms in the management of plant pathogens and also the use
of nanotechnology in the production of biologically active compounds from the
endophytic microorganisms.
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1.1 Introduction

World population has been speculated to reach 9 billion by the year 2050. In order to
match this astronomical figure, the FAO has warned that food production will have to
increase at least by 60% in proportion (FAO 2009). Food has been described a daily
necessity for the survival of mankind throughout the globe (DESA 2015; FAO 2012).
In view of this, there is a clarion call on all scientists to tackle the following problems:
(1) the need for agriculture to undergo a significant transformation in order to feed the
ever-increasing population; (2) the issue of climatic changes, especially in the
developing world; (3) health challenges; (4) pests and diseases. All these problems
have been identified as a major factor militating against an increase in productivity
toward the achievement of sustainable agriculture (Cocq et al. 2017). Pests and
diseases have been highlighted as one of the major problems encountered in interna-
tional and local food systems, preventing the achievement of sustainable agriculture
(Srivastava et al. 2016).

Many farmers utilize chemical pesticides for the management of pests (Adetunji
et al. 2017). However, the application of chemical pesticides has a lot of demerits,
including their high cost to local farmers, inaccessibility to rural farmers, the problem
of pesticide residue, high rates of contamination in the environment, and disruption of
the ecosystem (Priyanka et al. 2018). In order to face these challenges, there is a need
to adopt a simple, clean, healthy, and eco-friendly, technology (Liu et al. 2017). The
application of these chemical pesticides has led to many deleterious environmental
effects (Adetunji et al. 2018a). Also, various anthropogenic activities have been
highlighted to cause emission of greenhouse gases, particularly carbon dioxide,
methane, and nitrous oxide, thereby increasing global mean temperature (Miraglia
et al. 2009). The effect of biotic factors coupled with the issue of climate change has
enhanced the susceptibility of many crop species to the adverse effect of pathogenic
microorganisms, which are a major factor responsible for low crop production year in
year out (K&iv etal. 2015). The application of beneficial microorganisms with disease
resistance attributes as well as those that could help the plant to withstand drought,
extreme temperature, and adverse environmental conditions is important (Lata et al.
2015). The beneficial microorganisms must be able to give high crop productivity in
terms of rapid growth, enhanced development, and maximum yield, which is urgently
required to feed the ever increasing world population (FAO 2012; Tian et al. 2015).

Moreover, it has been shown that variation in environmental CO, and tempera-
ture, coupled with the type of soil and plant physiological health status, all have an
influence on the microbiome variation of endophytic microorganism communities
(Ferrando and Scavino 2015). When all these factors are pooled together, they form a
factor that influences the observable changes in climate (Ren et al. 2015a). There-
fore, there is need to search for microorganisms that could secrete natural metabolite
that could become a permanent replacement for chemically synthesized pesticides
for the management of pests and diseases (Deepika et al. 2016). This will help to
proffer a substantive solution towards the food system target for 2050 (DESA 2015).
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Endophytes are beneficial microorganisms that exhibit a healthy relationship
between plant cells and secrete valuable bioactive compounds, enzymes, and sec-
ondary metabolites with a wide range of applications (Shahzad et al. 2018). It has
been found that endophytic microorganisms serve as a good candidate for the
management of plant disease and pests (Marasco et al. 2012) and environmental
stress (Suman et al. 2016). Endophytes have been documented as excellent plant
growth enhancers because they induce plant growth hormones. The phytohormones
produced by these endophytes play an indispensable role in plant growth and drought
resistance. Moreover, their ability to adapt and tolerate various environmental
stresses as well as their eco-friendly attributes validates the exploitation of their
secondary metabolites for the management of pests and diseases (Brader et al.
2017). The environmental friendly nature of the endophytic microorganism premise
on the symbiotic relationship they exhibit between their plant host and their direct
environment which increases their unlimited ability to produce bioactive metabolites.
These metabolites have been linked to natural plant defense mechanisms due to their
ability to inhibit and prevent pathogens (Casella et al. 2013).

This chapter focuses on the recent trends in the application of endophytic micro-
organism as a new food paradigm, which is required to meet these global challenges
and to achieve global food security, food production, eco-friendliness, and desired
human health in order to foster healthy solutions for a sustainable future.

1.2 Endophytic Microorganisms and Their Usefulness

Endophytic microorganisms have been described as organisms that have potential to
regulate metabolic and environmental interactions towards the production of useful
secondary metabolites (Strobel et al. 2004). These organisms include bacteria, fun-
gus, yeast, and actinomycetes (Leitdo and Enguita 2016; Farrer and Suding 2016).
These organisms live in inimitable biological niches of plant tissue and constitute a
pool of natural secondary metabolites with useful properties for utilization in agri-
culture, industry, environmental remediation, and their utilization in medical services
(Schutz 2001). The myriad of factors found in any plant colonized by endophytes
forms the basis for the selection of plant as well as endophytic microorganism
responsible for the production of unique metabolites for various biological activities.
These biological activities include biocontrol of pests and diseases (Eljounaidi et al.
2016), bioprospecting of bioactive compounds (Sharma et al. 2016), bioremediation
of agricultural polluted soils (Manohari and Yogalakshmi 2016), enzymatic produc-
tion (Kumar and Belur 2016), plant enhancement attributes (Afzal et al. 2016), seed
germination enhancer (Shearin et al. 2017), and stress relievers of host plants (Tiwari
et al. 2017a). It has been reported that as many as 300,000 plant species have the
capacity to provide a biological niche to many endophytic microorganisms (Aly et al.
2010). However, little out of these endophytes have been exploited from a diversity of
plants and ecosystems (Ryan et al. 2008). The biological control of the attributes of
endophytic bacteria is shown in Fig. 1.1.
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Fig. 1.1 Schematic model showing the process involved in the biological control of plant patho-
gens by endophytic bacteria

1.3 Isolation and Characterization Techniques
of Endophytes Available from Different Ecological
Niches

The isolation and characterization of endophytic microorganisms involves the utiliza-
tion of culture-dependent and culture-independent techniques. The former involve
morphological analysis, microscopic analysis, physiological analysis (growth charac-
teristics, simple tests; biochemical characterization (assimilation and fermentation
patterns (APIL, BIOLOG etc.), protein profiling (sodium dodecyl sulfate-polyacrylamide
gel electrophoresis of cellular proteins) Murmu (2016), used API and BIOLOG kit for
the biochemical characterization of some endophytic microorganisms from finger
millet (Eleusine coracana (L.) Gaertn.) genotype JWMI.

Narayan et al. (2012), studied the morphological characteristics of Heterobasidion
araucariae CNU081069 with the help of light microscopy. Verma et al. (2013),
isolated an endophytic actinomycetes Saccharomonospora sp., from the root surface
of Azadirachta indica A. Juss. Moreover, they utilized sodium dodecyl sulfate-
polyacrylamide gel electrophoresis to further characterize the proteins obtained
from the endophytic actinomycetes. Nongkhlaw et al. (2017) utilized transmission
electron microscopy (TEM) to observe the colonization of some endophytic bacteria
associated with ethnomedicinal plants. The TEM gave a better microscopic visuali-
zation for proper understanding about the isolated endophytic bacteria.

The culture-independent techniques include the following: polymerase chain
reaction; repetitive sequence-based polymerase chain reaction; reverse transcription
polymerase chain reaction; length heterogeneity polymerase chain reaction; reverse
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transcription quantitative polymerase chain reaction; quantitative polymerase chain
reaction; separation by length polymorphism, i.e., restriction fragment length poly-
morphism; terminal restriction fragment length polymorphism; amplified ribosomal
DNA restriction analysis; denaturing gradient gel electrophoresis/temperature gradi-
ent gel electrophoresis; ribosomal RNA (rRNA) intergenic spacer analysis/automated
ribosomal intergenic spacer analysis; single-strand conformation polymorphism;
suppression subtractive hybridization; random amplified polymorphic; amplified
fragment length polymorphism; pulsed-field gel electrophoresis; DNA-DNA hybrid-
ization using labeled probes; microscopic counting; flow cytometry in situ hybridi-
zation; fluorescence in situ hybridization, fyramide signal amplification, DNA
reassociation kinetics, DNA association. Ding et al. (2013) characterized and iden-
tified the diversity and distribution of endophytic bacteria present in five plant
species. The fragments of the bacterial 16S rDNA genes present in the endophytic
bacteria were characterized by terminal restriction fragment length polymorphism.

Mada and Bruce (2017) isolated, characterized, and identified 33 endophytic
bacteria present in monocotyledonous and dicotyledonous plants. The endophytic
bacteria present were characterized using cultural, biochemical, and molecular
techniques by carrying out polymerase chain reaction with the partial 16S-TRNA
gene from the isolated endophytic bacteria. Tellenbach et al. (2010) applied single-
copy qPCR assay and a multicopy locus-based quantitative polymerase chain
reaction so as to determine the amount of biomass present in endophytic fungus
after the colonization of Picea abies seedlings. Rabha et al. (2016) isolated and
characterized 30 endophytic fungi from tea plant using cultural and molecular
identification using Internal Transcribed Spacer r-DNA Sequence Analysis. They
also employed Random Amplified Polymorphic DNA molecular markers so as to
determine the level of genetic variation among all the isolates. Martini et al. (2009)
applied ITS1 and ITS2. Aureobasidium pullulans and Epicoccum nigrum available
in the grapevine varieties (Merlot and Prosecco) were identified by the characteri-
zation of variable regions of ITS1 and ITS2 using polymerase chain reaction. These
two endophytes from grapevine were later identified and confirmed by restriction
fragment length polymorphism (RFLP) when compared to reference strains. Shen
(2013) utilized culture-dependent and culture-independent methods (denaturing
gradient gel electrophoresis and terminal restriction fragment length polymorphism
analysis) for the characterization of endophytic bacteria present in the branches of
some tree grown over a period of three seasons in a hydrocarbon-contaminated site.
They discovered that there was great variation in the level of the endophytic
colonization among the same species on plants in different seasons. Finyom
(2012) applied denaturing gradient gel electrophoresis and terminal restriction
fragment length polymorphism techniques for the isolation and characterization of
endophytic bacteria present in various farm sites of sorghum crop in South Africa for
the characterization of endophytic bacteria in these communities. The molecular
analysis carried out revealed that the endophytic bacteria showed the same level of
colonization among sorghum plants with the same community but showed a high
level of variation when compared to different sampling sites. They concluded that
the isolated endophytic bacteria could be used for the improvement and increase in
the yield of sorghum.
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Tejesvi et al. (2007) explored the application of RAPD for rapid detection of
genetic diversity in endophytic fungus available in four medicinal plants in order to
select the best strain with antifungal activity. They discovered that amongst all the
strains isolated, Terminalia arjuna demonstrated the best antifungal activity against
all six tested isolates. Ardanov et al. (2012) tested the efficacy of Methylobacterium
spp- Endophytic bacteria could be used in the management of different phytopatho-
gens affecting potatoes (Solanum tuberosum L.) and pine (Pinus sylvestris L.). They
utilized terminal restriction fragment length polymorphism to study the effect of their
interaction on the dominant endophytic microflora available in this community where
changes in their relative abundance were determined by terminal fragments. They
discovered that the application of Methylobacterium spp. to induce resistance and
antagonism traits on the tested phytopathogens depended on the cultivar, pathogen,
and the concentration of the endophytic bacteria and the particular type of endophyte
community of the host.

1.4 Benefits and Mechanism of Plant-Microbe Interaction
Among Endophytic Microorganisms

There are a lot of mutual benefits whenever there is plant-microbe interaction, especially
with endophytic features which include resistance against phytopathogens (Mishra et al.
2015), increase in plant growth and yield (Shatrupa et al. 2018), improved cycling of
nutrients and mineral uptake (Malinowski and Belesky 2004), lessening of oxidative
stress reactions (White and Torres 2010), improvement in water holding capability of
plants (Bailey et al. 2006), and increase in biomass accomplished by a delay in flowering
and leaf senescence. This might improve the fixation of a large amount of carbon inside
the host plant (Owen and Hundley 2004), and also result in forest regeneration and
phytoremediation of contaminated soils (Ma et al. 2016). The plant-growth-promoting
attributes observed when endophytes colonize plant are a result of various mechanisms,
which include production of a siderophore (Costa and Loper 1994), indole acetic acid
production (Lee et al. 2004), phosphate solubilization activity (Wakelin et al. 2004),
provision of essential vitamins to plants (Compant et al. 2005a, b). The release of volatile
substances including acetoin and 2-3 butanediol has also been described as another
mechanism responsible for the rapid development of plants (Ryu et al. 2003).

Apart from these benefits, the level of mineral ions available with the plants
colonized by endophytes has also been found to influence and contribute significantly
to the development of plants. Fe (III) has been utilized by some endophytic bacteria in
the formation of complexes whenever siderophores are released. The endophytic
bacteria possess a Ton-B-dependent membrane that can adsorb the ferric-siderophore
complexes. The release of siderophores is normally used as a mode of action for
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inhibition of phytopathogens (Hurek and Hurek 2011). Also, the presence of K* has
been discovered to enhance the protein synthesis, photosynthesis activity, enzyme
activation, and improvement in cell metabolism (Shabala and Cuin 2008).

1.5 Role of Genes Regulating the Activities of Endophytic
Microorganisms

A better understanding of recent trends in the genomic study will give a better
understanding of the role played by endophytic microorganisms during their mutu-
alistic interaction with their host plant (Santoyo et al. 2016). This will give an insight
into and a better knowledge of the array of genes regulating various attributes that
have been reported for endophytic microorganisms necessary to increase sustainable
agricultural practices in regards to plant growth enhancement capability, manage-
ment, and prevention of pests and diseases and cleaning up processes of contami-
nated agricultural lands (Bruto et al. 2014).

Osbourn and Field (2009) observed that gene cluster is related to histone alter-
ations as a result of chromatin remodeling complexes in most microorganisms. The
closeness and arrangement of clusters play a significant role in the regulation of genes
controlling the metabolic pathway in microorganisms (Nei 2003) Furthermore,
whenever there is interference in the activities of the gene required for the synthesis
of these active metabolites, the production of toxic metabolites is triggered and this
might lead to the gathering of lethal pathway intermediates. This forms the basis for
the biological control activities against phytopathogens and pests and enhances
cluster selection (Sproul et al. 2005).

In this regard, different researchers have identified the significance of genes
regulating the biological life cycle of endophytes, which attribute them as a unique
group of microorganisms with useful potential, especially in the area of agriculture.
Some of the unique functions reported include biocontrol of pathogen and pest
(Martinez-Garcia et al. 2015), nitrogen fixation (Fouts et al. 2008); plant growth
promotion (Firrincieli et al. 2015), phytohormone production (Tiwari et al. 2017b);
induction of systemic resistance in plants (Nadarajah (2017), and abiotic stress
tolerance (Abd El-Daim et al. 2018). Enhancement in the rate of chemical signaling
between endophytes and their host (Chagas et al. 2018) 1-aminocyclopropane-1-
carboxylate deaminase and antifungal, (Kwak et al. 2012), indole 3-acetic acid
synthesis (Weilharter et al. 2011).

Zhao et al. (2010) isolated strain YY-11 of Chaetomium globosum from rape
seedlings as well as some endophytic bacteria Enterobacter sp. and Bacillus subtilis,
which were utilized in the expression of Pinellia ternate agglutinin (PtA) gene. The
result obtained from their study shows that deduced from those recombinant endo-
phytes expressing PtA gene enhanced the biological control activities of sap-sucking
pests affecting many crop seedlings. Similarly, Zhang et al. (2011) expressed (PtA)
gene in recombinant endophytic bacteria Enterobacter cloacae, and insecticidal
activities were observed on white backed plant hopper.
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1.6 Mode of Action of Endophytic Microorganisms Against
Biotic and Abiotic Stress

Endophytic microorganisms utilize a lot of mechanisms in order to overcome any
type of biotic and abiotic stress. Whenever the endophytic microorganisms sense the
presence of biotic and abiotic stress, they discharge reactive oxygen species (ROS),
like superoxide anion (O, ), hydroxyl radical, and hydrogen peroxide (H,O,) (Apel
and Hirt 2004; Gill et al. 2016; Nath et al. 2016, 2017). The presence of ROS induces
aform of pressure which leads to the destruction of the cellular membrane of the host,
which consequently leads to leakages of protein, nucleic acid, and sugars and results
in their anti-biofilm, cytotoxicity, and growth inhibition on these pests and pathogens
(White and Torres 2010; Halliwell and Gutteridge 1999). Furthermore, it has been
discovered that endophytic microorganisms colonizing their plant hosts have the
capability to quench the reactive oxygen species whenever they encounter biotic and
abiotic stress. The capability of endophytic microorganisms to carry out their biolog-
ical control activities has been linked to their capability to move into their specific
host, population dynamics, and level of colonizing the host, and the potential of
endophytes to induce systemic resistance or systemic acquired resistance (Benhamou
et al. 1998; Van Loon et al. 1998). Endophytic microorganism has many arrays of
enzymes (nitric oxide reductase, glutathione S-transferase, glutathione peroxidase,
and catalase) capable of alleviating any triggered reactive oxygen species as well as
for the management of abiotic and biotic stress (Hardoim et al. 2015).

Matsouri et al. (2010) observed that Trichoderma harzianum prevents biotic and
abiotic stress in germinating seeds and seedlings. Also, Baltruschat et al. (2008)
discovered that there was an increase in the level of salt tolerance of induced barley
plants after inoculating with Piriformospora indica, an endophytic microorganism.
Similarly, Rodriguez et al. (2008) depicted that Leymus mollis not inoculated with
endophytic microorganism showed a high level of severe wilting and desiccation
after seven days of inducing with brine solution, and died after 14 days. But these
symptoms were absent in the Leymus mollis, whether or not inoculated with Fusar-
ium culmorum, an endophytic fungus. Bae et al. (2009) discovered that an isolate
DIS 219b of Trichoderma hamatum has the capability to enhance the development
of Theobroma cacao and prevent the resistance of the plant when exposed to a
severe drought when inoculated with the endophytic fungus. Their activities could
be linked to the ability of the endophytic fungus to increase the level of some amino
acids like proline, which serve as osmoprotectants when exposed to abiotic stress
due to drought. Ray et al. (2016) discovered that the endophytic bacteria Alcaligenes
faecalis was able to prevent an oxidative stress when inoculated with Sclerotium
rolfsii, a pathogenic fungus.
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1.7 Exploiting the Virus—Fungus—Plant Interaction

Plant viruses are interesting plant pathogens, because the host plant properties play
an important role in insect vector transmission of viruses from one host to another.
The effect of host metabolites and effects of plant quality on insect vectors directly or
indirectly affect transmitting the viruses from host to host (Lehtonen et al. 2006).
There is a dearth of information on the specificity of any virus able to infect both
fungal and plant hosts in nature. However, reports show that some plant viruses like
RdRPs can replicate in trans of genomic or DI RNAs in the yeast Saccharomyces
cerevisiae experimentally. Also, recently, Tobacco mosaic virus was also shown to
be able to replicate in a filamentous ascomycetous fungus. This shows that some
plant viruses can infect some fungi on experimental basis (Nerva et al. 2017).

Fungi are very frequently infected with viruses, and endophytic fungi are no
exception. The thermo-tolerance of the plant—fungus—virus holobiont that allows a
panic grass to grow in geothermal soils in Yellowstone National Park requires the
curvularia thermal tolerance virus. Several endophytic fungi have been reported to
contain viruses and these fungi are from many plants.

Viruses that infect fungi are referred to as mycoviruses. These viruses have the
potential to control fungal diseases of crops when associated with hypovirulence.
Hypovirulence is the most important quality of mycoviruses, which can be utilized
to manage fungal diseases, and this means the reduction of virulence of plant
pathogenic fungi. Mycoviruses infect fungal species, but are present in latent stage
in them. They rarely cause visible disease symptom (Abbas 2016), although there are
a few mycoviruses which are involved in causing considerable changes in fungal
hosts. The most obvious changes in their fungal hosts are irregular growth, abnormal
pigmentation, and mutated sexual reproduction (Jiang et al. 2013). This quality has
attracted a lot of attention recently because several fungal diseases of crops can be
managed.

The use of chemical pesticides is the main method for controlling diseases of
economically important crops, especially when resistant cultivars are not available.
To reduce the dependence on chemical pesticides, efficient and environmentally
friendly alternative methods to control diseases are desirable. Mycovirus-mediated
hypovirulence, a phenomenon in which the virulence of fungal pathogens is reduced
or even completely lost as a result of virus infection, can be exploited (Yu et al.
2010). Hypovirulence plays a role in counterbalancing plant diseases in nature, and
has been used successfully in Europe in the control of chestnut blight (caused by the
fungus Cryphonectria parasitica) (Yu et al. 2010). Several hypovirulent strains have
been discovered in other fungi due to the successful utilization of hypoviruses for
biological control of the chestnut blight fungus.

Plant viruses cause major losses to agricultural crops around the world. Chemical
agents are not effective to control virus diseases, hence, the strategies for virus
management are mostly aimed at destroying the source of infection to prevent it
from reaching the crop and or controlling of vectors to prevent the spread of the
disease (Arogundade et al. 2012). However, endophytic fungi could be an alternative
that can be utilized in the management of diseases caused by viruses. Lehtonen and
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his team in 2006 observed that endophyte-infected meadow ryegrass plants harbored
less viral infections both in natural and common garden conditions than uninfected
plants. Also, they noted that the reproduction of bird cherry oat aphids was decreased
on endophyte-infected plants compared to uninfected plants. This, if properly devel-
oped, could be the key to safe and sustainable food threatened by the menace caused
by difficult-to-control plant pathogenic organisms like viruses.

1.8 Naturally Synthesized Compounds from Endophytic
Microorganisms

Endophytic microorganisms are capable of producing novel and active secondary
metabolites which are of low molecular weight. The production of these secondary
metabolites is regulated by some genes which are always produced in a cluster. The
cluster has been discovered to play a significant role in the production of natural
compounds that could induce resistance to pests and diseases (Shimura et al. 2007).
Nature has endowed these endophytic microorganisms and their host plant with
different structurally diverse active compounds with various applications. Recently,
the application of metabolomics has revealed that bioprospecting of these active
metabolites from endophytic microorganisms could be used in the management of
pests and diseases (Hyde and Soytong 2008). These metabolites contain some
important enzymes of biotechnological significance due to their diversity as well
as complex structure, which is difficult for phytopathogens to digest or metabolize.
This feature plays a major role in the biological control of pests and diseases (Kusari
and Spiteller 2011). Many researchers have reported various metabolites from
endophytic microorganisms. Liang et al. (2015) identified a compound called
Podophyllotoxin from Alternaria sp. isolated from Sinopodophyllum emodi while
Kusari et al. (2012) isolated Azadirachtin from Eupenicillium parvum, an endo-
phytic fungus which colonized Azadirachta indica plant. Moreover, Mohana
Kumara et al. (2012) discovered a natural compound called Rohitukine from an
endophytic fungus called Fusarium proliferatum from Dysoxylum binectariferum.

1.9 Nontarget Effect of Endophytic Microorganisms

Endophytic microorganisms have been primed for their great potential for the
management of pests and diseases for sustainable agriculture, but there is a need to
critically review their nontarget effects (Adetunji et al. 2018b). There is now great
awareness that the high rate of pesticide utilization by farmers has caused a lot of
demerits on various Agricultural practices. They have also caused a lot of changes in
the level of soil microbial communities (Seghers et al. 2004). Therefore, the appli-
cation of plant endophytic microorganisms will be another alternative for the
production of natural, safe, and eco-friendly biocontrol agents (Dai et al. 2016).
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This could be linked to their capability to improve rapid growth in plants; mainte-
nance of good health status, improvement of plant defense, and high tolerance to
abiotic and biotic stress (Tétard-Jones and Edwards 2016). Moreover, a good
biological control agent should not cause any disruption of microbial processes,
which are important for the normal operation of soil ecosystem functioning
(Winding et al. 2004). They should only perform the activity they are meant to
carry out without any following nontarget effects, which include antagonism effects
on other beneficial microorganisms, decrease or adverse effect on soil quality after
their application, reduction of soil enzymes, soil carbon, and soil respiration
(Adetunji et al. 2018a).

Scherwinski et al. (2008) discovered that the endophytic bacteria Serratia
plymuthica 3Re4-18, Pseudomonas trivialis 3Re2-7, and rhizobacterium Pseudo-
monas fluorescens L13-6-12 exhibited very strong biological control activities on
Rhizoctonia solani, without any observable nontarget effect on other microorgan-
isms during the field trial.

1.10 The Beneficial Role of Endophytic Microorganisms
in Bioremediation and Phytoremediation

Intensive agricultural practices have been highlighted as one of the major factors
responsible for the high record of heavy metal pollution in an agricultural system.
The long-term effects of these heavy metals include disruption and contamination of
the ecosystem and effects on human health (Kidd et al. 2012). This is due to the
complexity in their structure and their nonbiodegradability. There is a need to search
for eco-friendly microorganisms with high phytoremediation capacity because the
utilization of physiochemical remediation techniques is not economically feasible
and eco-friendly (Dharni et al. 2014). Also, there is a need to discover an isolate that
could promote rapid development of plants, which has a potential to metabolize
toxic metal phytotoxicity into useful metabolites for plant development and at the
same time to perform the role of phytoremediation in heavy-metal-polluted soils
(Ma et al. 2015). Therefore, the utilization of endophytic microorganisms will go a
long way in the sanitization of heavy-metal-contaminated soils and allow plant
development under heavy metal stress (Babu et al. 2015). The endophytic microor-
ganisms have been documented to enhance plant growth under metallic stress by
their ability to transform mineral nutrients, secretion of biosurfactants, siderophores,
organic acids, biodegradative enzymes, and phytohormones as well as to have the
potential to induce systemic resistance against pests and diseases in their host plants
(Ma et al. 2016) Also, it has been discovered that the great microbial diversity of
endophytic microorganisms enables them to perform bioremediation and biodegra-
dation of harmful and complex substances from the environment turning them into
simple and useful compounds (Russell et al. 2011; Prasad 2017, 2018).
Endophytes have a powerful ability to break down complex compounds. Biore-
mediation is a method of removal of pollutants and wastes from the environment by
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the use of microorganisms (Prasad 2017, 2018). It relies on the biological processes of
microbes to break down these wastes. This is made possible due to the great microbial
diversity (Mastretta et al. 2009; Russell et al. 2011). Also, endophytic microorgan-
isms have been documented for their potential to carry out phytostimulation of
important elements that plants need for their rapid growth and development
(Malinowski et al. 2000). This could be linked to their capability to produce various
phytohormones like gibberellic acids, auxins, and cytokinins (Xin et al. 2009;
Hamayun et al. 2009).

1.11 Role of Nanobiotechnology in the Utilization
of Endophytic Microorganisms in the Management
of Plant Diseases

The application of nanotechnology has been discovered as a newly emerging field that
could help achieving sustainable agricultural productivity, especially in the manage-
ment of pests and diseases (Parisi et al. 2015; Prasad et al. 2014, 2017). The nontoxic,
environment and human health friendly, and nonpathogenic nature of the active
metabolites from endophytic microorganisms guarantee their utilization in the
biomanufacturing of nanopesticides for effective management of pests and diseases
(Bhattacharyya et al. 2016; Ismail et al. 2017; Iavicoli et al. 2017; Adetunji and Sarin
2017; Gupta et al. 2018). They have a target delivery of their active ingredient through
remote activation and monitoring of the synthesized nanoformulation that will enable
the farmers to reduce the application of pesticides (Abd-Elsalam and Prasad 2018).
The application of nanoparticle-mediated gene transfer into endophytic microorgan-
isms will bring about a drastic agricultural output because of high resistance to pests
and diseases (de Oliveira et al. 2014). Furthermore, the development of biosensors
from these endophytic microorganisms will assist farmers, especially in developing
countries, to monitor the emergence of pests and disease outbreaks on their farms
(Adetunji et al. 2018b).

1.12 Conclusion

This chapter provides a detailed insight into the roles of endophytic microorganisms
for the management of pests and diseases. The study has shown the recent trends in
the utilization of endophytic microorganisms as a new source of natural, safe, and
eco-friendly pesticide for disease management as well as to enhance plant growth and
reduce stress. More emphasis has been laid also on their utilization for bioremediation
of polluted environments without losing their biological control and plant-growth-
promoting attributes. Moreover, various isolation and characterization techniques
have been highlighted. This will have a far better effect by providing an opportunity
to isolate new endophytic microorganisms that have not been exploited for their great
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attributes. On the whole, the application of innovative biotechnological techniques
will open new opportunities to gain better knowledge of plant—microbe interaction in
search for a new active compound that increases plant growth and enhances biolog-
ical activity and is also involved in the biodegradation of environmental contami-
nants, thereby maintaining a clean environment. In view of all this, the utilization of
endophytic microorganisms has tremendous potential that will assist in the achieve-
ment of sustainable agriculture, clean environment, and health security for humans.
Therefore there is a need to formulate a policy that will prevent increase in global
warming, that will also support the utilization of natural endophytic microorganisms
that can prevent fluctuation in the level of CO,, temperature and increase the plant-
growth-promoting feature of agricultural crops (Ren et al. 2015b).
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Chapter 2 ®)
Plant—-Phytophthora Interaction Proteomics i

M. Anandaraj and P. Umadevi

Abstract Study on plant—pathogen interactions is to identify the plant factors that
favor or resist pathogen development and to target those factors responsible for
abolishing pathogen development. In this focus, the strategies such as genomics,
transcriptomics, proteomics, and metabolomics are adopted. Among these strategies,
the differential proteomics is gaining attention. The differential protein profiling of
sugar pine to white pine blister rust using a gel-based approach by Ekramoddoullah
and Hunt in 1993 was the first study of proteomics in plant—pathogen interactions,
Following this, until now hundreds of proteomic experiments have been successfully
carried out in the area of molecular plant-microbe interaction. Phytophthora is a
major pathogen affecting many economically important crops. Information on plant
proteins upon Phytophthora interaction will pave the way for improving plant
resistance. This chapter highlights the progress made so far in this area to bring out
the current scenario of proteomics in plant—Phytophthora interactions and its suc-
cessful application in plant breeding.

2.1 Introduction

Plants have innate immunity, which is recognized and activated by the invading
organism. Recognition of non-self molecules is the first step towards an active
immune response and is mediated by pattern-recognition receptors (PRRs) in the
host cells. These PRRs are able to recognize microbe-associated molecular patterns
(MAMPs), which are also often termed as pathogen-associated molecular patterns
(PAMPs) (Boller and Felix 2009). The recognition of MAMPs/PAMPs by plant
PRRs leads to so-called PAMP-triggered immunity/pattern triggered immunity
(PTD/non-host resistance, which provides a first line of defense against most
nonadapted pathogens (Jones and Dangl 2006). When PTI is suppressed by
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pathogen effectors delivered into the host cell, plants can overcome pathogen
suppression of PTI and bring back the pathogen resistance through effector-triggered
immunity (ETI). This branch of innate immune signaling is activated when individ-
ual pathogen effectors are recognized by disease resistance (R) proteins (Nomura
et al. 2011). In addition to PTI and ETI, plant immune responses are regulated by
several plant hormones, including salicylic acid (SA), jasmonic acid (JA), and
ethylene. Based on plant response, there are two major patterns, viz., compatible
and incompatible interactions. In compatible interactions, plants allow the pathogens
to complete their life cycle while in incompatible interactions, plants exert efficient
defense responses to forestall pathogen growth. The defense responses induced upon
pathogen attack are local and systemic defense responses.

In the past few years there have been remarkable efforts in the application of
proteomics for studying plant—pathogen interactions (reviewed in Mehta et al. 2008;
Quirino et al. 2010; Lodha et al. 2013). Phytophthora the major soil-borne oomycete
causes disease/yield loss in crops such as potato (Widmark et al. 2007), soybean
(Kaufmann and Gerdeman 1958), tomato (Jupe et al. 2013), capsicum (Leonian
1922), and black pepper (Anandaraj 1997). The hemibiotrophic nature of the
pathogen makes the plant—Phytophthora interaction a complex network. The prote-
omics brings out the dynamic changes of the proteome to understand the entire
signal perception and transduction upon Phytophthora interaction in plants. This
chapter summarizes the progress made so far in this area to bring out the current
scenario of proteomics in plant—Phytophthora interactions. The proteomics studies
in plant—Phytophthora is given in Table 2.1. The identification of peptides from
mass spectrometry data is the core in gel-based or gel-free proteomics (Fig. 2.1).
This has been done successfully by using specific search criteria on the whole

Table 2.1 List of published proteomics studies on plant—Phytophthora interaction

Plant Nature of plant genotype Pathogen Method References
Fagus Susceptible Phytophthora | 2DE Valcu et al.
sylvatica citricola (2009)
Soybean | Reference genotype infected with | Phytophthora | 2DE Jing et al. (2015)
virulent and avirulent isolate sojae
Potato Resistant and Susceptible Phytophthora | Label free | Ali et al. (2014)
infestans
Resistant and Susceptible Phytophthora | Label free | Chawade et al.
infestans (2016)
Resistant, moderately resistant, and | Phytophthora | Label free | Larsen et al.
susceptible infestans (2016)
Tomato | Susceptible Phytophthora | Label free | Howden et al.
capsici (2017)
Black Moderately tolerant Phytophthora | Label free | Anandaraj and
pepper capsici Umadevi (2016)
Susceptible Phytophthora | Label free | Mahadevan et al.
capsici (2016)
Moderately tolerant Phytophthora | Label free | Umadevi et al.
capsici (2018)
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|

Protein spot excision

|

Enzymatic digestion

|

Mass spectrometry (MALDI-TOF or ESI-MS/MS)

|

Database integration (Masscot/Uniprot/ any other protein /peptide database)

Fig. 2.1 Common steps involved in proteomics strategy

genome and EST datasets (Jing et al. 2015; Ali et al. 2014; Chawade et al. 2016;
Larsen et al. 2016; Howden et al. 2017) and the homology-driven proteomics to
characterize proteomes of organisms with unsequenced genomes (Valcu et al. 2009;
Anandaraj and Umadevi 2016; Umadevi et al. 2018; Mahadevan et al. 2016) in
plant—Phytophthora interactions.
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2.2 Gel-Based Proteomics

Two-dimensional gel electrophoresis (2-DE) followed by MALDI-TOF-TOF study
demonstrated the interactions between soybean reference cultivar Williams 82 with
the avirulent isolate P6497 (incompatible) and the virulent isolate P7076 (compat-
ible) (Jing et al. 2015). The network for soybean infected by virulent and avirulent
pathogens was also proposed (Wang 2015). The infected soybean displayed resis-
tance to P6497 and susceptibility to P7076. A total of 95 protein spots with 1.5-fold
or less than 0.66-fold expression difference (P\0.05) in at least one infected time
point when compared to the control showed the involvement of upregulated proteins
in reactive oxygen species (ROS) burst, salicylic acid (SA) signal pathway, and
biosynthesis of isoflavones as defense factors in soybean for P. sojae.

Two-dimensional gel electrophores is followed by homology-driven mass spec-
trometric analysis of proteins from Fagus sylvatica infected with the root pathogen
Phytophthora citricola showed the at local and systemic response (Valcu et al. 2009)
of a compatible interaction. The 68 protein spots identified represented 51 proteins
involved in protein synthesis and processing, energy, signal transduction, stress and
defense, and primary and secondary metabolism. The local response (root) was
found to be weaker than the systemic (leaf) response based on the presence of
upregulated proteins. This suggested that in Fagus, the defense reactions of the
seedlings are suppressed by the pathogen. The systemic response to infections was
by downregulation of carbon fixation, upregulation of auxin and ethylene synthesis,
and phenylpropanoid and flavonoid biosynthesis pathway. The degree of systemic
defense response in Fagus was relatively low at early stages of infection.

2.3 Label-Free Proteomics

Label-free proteomics using 1D gel-separated apoplastic proteins from leaves of
three potato clones Desiree (Susceptible), Sapro Mira, and SW93-1015 (Resistant)
infected with P. infestans at 6, 24, and 72 hpi along with control demonstrated the
compatible and incompatible response of potato to P. infestans (Ali et al. 2014). The
hypersensitive reaction (HR), symptom development, and putative effectors were
elucidated in this study. The proteins with differential abundance proteins in at
least one point of pathogen infection was found to be enriched with 517 secretory
proteins of subtilase, peroxidase, protease inhibitors, GDSL-lipase, and pectin
esterase families. Comparative analysis showed that there was a decrease in abundance
of a large number of proteins in compatible interaction than in incompatible. Around
59, 131, and 66 proteins were in increased abundance at 6, 24, and 72 hpi, respectively,
in incompatible reactions. These proteins were regarded as HR and early-resistance-
related proteins in potato against P. infestans. Based on a minimum fourfold increased
abundance in resistant genotypes, 49 candidate proteins for HR were derived. The HR
candidate proteins were found to increase at 6 and 24 hpi with 23 and 43 proteins,
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respectively, while it was reduced to 9 at 72 hpi. The glucanases and glucosidase which
were in abundance in susceptible clone were attributed as symptom-development-related
proteins. The downregulated proteins with a minimum of eightfold abundance in
compatible interaction were regarded as putative effector targets. Forty single proteins
from large gene families were identified in which 9 were specific for 6 hpi time point and
7 specific for 24 hpi, 29 proteins were common. The datasets by Ali et al. (2014) were
applied in translational research by Chawade et al. (2016) to develop the selective
reaction monitoring (SRM) assay system.

In cases with complex traits involving protein modification and changes in abun-
dance, the quantitative protein estimation plays an important role. This proof of
concept has been demonstrated successfully by them. In their study, the targeted
quantitative proteomics of selected peptides was applied to SW93-1015 (resistant)
and Desiré (susceptible) crossing populations. The presence of four important peptides
in close proximity indicated that chromosome 6 is the putative hot spot for tuber
resistance. Two peptides of Kunitz trypsin inhibitor, cystatin, nonspecific lipid transfer
protein, serine carboxypeptidase III with a low level and peptides of beta-d glucan
exohydroase, and peroxidase with a high level were identified as markers for tuber
resistance. This highly applicable marker panel at the field level is an important line of
proteomics work, in which the markers for the complex and important phenotype that
lacks good DNA-based markers is successfully demonstrated.

Larsen et al. (2016) has developed the most extensive label-free proteomics
datasets on potato interactions with mixed strain culture of P. infestans. The devel-
oped raw data and MaxQuant results of the time course study over 258 h on leaf
proteomics from commercial cultivars of differential resistance to pathogen, viz.,
Kuras (moderate), SarpoMira (highly resistant), and Bintje (very susceptible), is
available in ProteomeXchange Consortium-PRIDE partner repository with the
dataset identifier PXD0002767.

Total nuclear proteins were studied in tomato upon P. capsici infection (Howden
et al. 2017). A number of proteins were found to have dynamics in abundance 24 h
post infection relative to noninfected samples (507 with increased and 173 with
decreased abundance). Members of the AT-Hook-Like (AHL) protein family are
demonstrated to contribute to immunity (Kim et al. 2007). This study on nuclear
proteome had successfully demonstrated the impact of AHL Types I and II proteins
in PTI responses thereby enhancing immunity to Phytophthora capsici. This sug-
gests that modification of AHL protein abundance could be used to enhance disease
resistance.

Panniyur 1 variety of black pepper (P. nigrum), which is highly susceptible to
Phytophthora, was analyzed using detached leaf inoculation method. The label-free
quantification showed 22 proteins with upregulation (two fold) and 134 proteins with
downregulation (0.8 fold). The downregulation of the proteins involved in 14 major
pathways including carbon fixation, photosynthesis, amino acid metabolism, gluta-
thione metabolism, and phenylpropanoid biosynthesis and the upregulation of
aspartyl protease, pectin esterase, polyphenoloxidase, and mlp-like proteins were
the identified as susceptibility factors in black pepper (Mahadevan et al. 2016). The
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Fig. 2.3 Representative graph with Average Normalized Abundance showing relative quantifica-
tion of black pepper peptide from three biological replicates at 24 h post infection

upregulation of certain R genes is regarded as S genes in susceptible variety of black
pepper (Subhakara) for P. capsici (Umadevi and Anandaraj 2017).

Label-free proteomics strategy (Figs. 2.2 and 2.3) on tolerant (IISR Shakthi) and
susceptible (Subhakara) genotypes showed 299 proteins, out of them 84 proteins
were found to have above 4-fold to 973-fold increase in expression upregulated at
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Fig. 2.4 Structure of
defensin-type AMP from
black pepper

24 hpi. The tolerant genotype suppressed the pathogen by pattern-triggered immunity
(PTI), which was attributed by pattern recognition receptor against Phytophthora in
black pepper, viz., receptor-like kinases (RLKs), RPP13 (R gene), and Salicylic acid
(SA)-mediated SAR. PR proteins (with antifungal activity) production were found to
be more tolerant in black pepper. The susceptible genotype recorded a weak PTL
Effector-triggered immunity (ETI) was found working with the presence of PRM1
(R gene) with jasmonic-acid-mediated suppression of SA, production of PRS
(Thaumatin), and protein (Anandaraj and Umadevi 2016).

The integration of label-free proteomics data with the Piper transcriptome DB on
IISR Shakthi Illumina GLX 2X platform, annotated with Blast2Go, identified the R
gene families in black pepper for P. capsici (Umadevi et al. 2015). The phylogeny of
important R genes was derived and the differential regulation of R genes was also
attributed to host-specific resistance (Umadevi and Anandaraj 2017). The involve-
ment of AMPs in black pepper resistance to Phytophthora has been demonstrated
using label-free proteomics. The differential abundance of AMP signature peptides
from resistant variety (IISR Shakthi) signifies the presence of AMPs in the defense
network. The 24 AMP signatures belonged to the cationic, anionic, cysteine-rich,
and cysteine-free group and also had conserved domains in the small peptide
sequences (Umadevi et al. 2018). The important plant AMP group defensin with
antifungal activity identified in black pepper is shown in the Fig. 2.4.
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2.4 Conclusion and Future Prospects

Proteomics is an efficient strategy to bring global or specific data on differential
proteome during plant—pathogen interactions. Apart from understanding the patho-
genicity, the application of peptide data as SRM assay in potato sends a strong
message that the proteomics data is a useful targets towards translational research,
which can be applied at the field level.
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Chapter 3 )
Impact of Climate Change on Soil Microbial <o
Community

Srikanth Mekala and Srilatha Polepongu

Abstract As climate changes endlessly, it becomes more important to understand
possible reactions from soils to the climate system. It is a known fact that microor-
ganisms, which are associated with plant, may stimulate plant growth and enhance
resistance to disease and abiotic stresses. The effects of climate change factors, such
as elevated CO,, drought, and temperature on beneficial plant-microorganism inter-
actions are increasingly being explored. Organisms live in concert with thousands of
other species, such as some beneficial and pathogenic species which have little to no
effect on complex communities. Since natural communities are composed of organ-
isms with very different life history traits and dispersal ability, it is unlikely that all of
the microbial community will respond to climatic change factors in a similar way.
Among the different factors related to climate change, elevated CO, had a positive
influence on the abundance of arbuscular and ectomycorrhizal fungi, whereas the
effects on plant-growth-promoting bacteria and endophytic fungi were more variable.
The rise in temperature effects on beneficial plant-associated microorganisms were
more variable, positive, neutral, and negative, which were equally common and
varied considerably with the temperature range. Likewise, plant-growth-promoting
microorganisms (i.e., bacteria and fungi) positively affected plants subjected to
drought stress. In this chapter, we explore how climatic change affects soil microbes
and plant-associated microorganisms.

3.1 Introduction

Microbial communities are groups of microorganisms that share a common living
space. The microbial populations that form the community can interact in different
ways, for example, as predators and prey or as symbionts. The community includes
both positive (like symbiosis) and negative (like antibiosis) interactions.
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Microorganisms are the backbone of all ecosystems, even then in some zones, they
are unable to process photosynthesis due to absence of light. In such zones, chemo-
synthetic microorganisms provide carbon and energy to the other organisms. Soil
microbial communities play an important role in agro-ecosystem functioning and are
on the field scale essential for plant nutrition and health. Moreover, they are involved
in turnover processes of organic matter, breakdown of xenobiotics and formation of
soil aggregates. These soil microbial communities are responsible for the cycling of
carbon (C) and nutrients in the ecosystem and their activities are regulated by biotic
and abiotic factors such as the quantity and quality of litter inputs, temperature, and
moisture. Atmospheric and climatic changes will affect both abiotic and biotic drivers
in ecosystems and the response of ecosystems to these changes. Soil microbial
communities may also regulate feedbacks from ecosystem to the atmosphere. The
response of the microbial communities that regulate ecosystem processes is less
predictable. These microbes play an important role in biogeochemical cycles. The
nitrogen cycle, the phosphorus cycle, the sulfur cycle and the carbon cycle all depend
on microorganisms. The nitrogen gas, which makes up 78% of the earth’s atmo-
sphere, is unavailable to most organisms, until it is converted to a biologically
available form by the microbial process of nitrogen fixation.

Climate change factors, such as atmospheric CO, concentrations, temperature,
and altered precipitation regimes, can potentially have both direct and indirect
impacts on soil microbial communities. The response of soil microbial communities
to changes in atmospheric CO, concentrations can be positive or negative. Increas-
ing temperatures can increase microbial activity, processing, and turnover, causing
the microbial community to shift in favor of representatives adapted to higher
temperatures and faster growth rates (Bradford et al. 2008). How multiple climate
change factors interact with each other to influence microbial community responses
is poorly understood. For example, elevated atmospheric CO, and precipitation
changes might increase soil moisture in an ecosystem, but this increase may be
counteracted by temperature (Dermody et al. 2007). Similarly, temperature may
increase microbial activity in an ecosystem, but this increase may be eliminated if
changes in precipitation lead to a drier soil condition or reduced litter quantity,
quality, and turnover. Similarly, changes in soil moisture and ecosystem temperature
do not always lead to predictable or significant changes in bacterial and fungal
abundance (Chen et al. 2007; Kandeler et al. 2006).

3.2 Impact of Climate Change on Soil Microbial
Communities

Climate change is a change in the statistical distribution of weather patterns that lasts
for an extended period of time (i.e., decades to millions of years). Impact of climate
change on soil microbial communities results in increasing atmospheric CO, con-
centration, temperature, and drought. Climate change has both positive and negative
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effects on soil microbial communities. Majority of studies showed that elevated CO,
had a positive influence on the abundance of arbuscular and ectomycorrhizal fungi
whereas the effects on plant-growth-promoting bacteria and endophytic fungi were
more variable. In most cases, plant-associated microorganisms had a beneficial effect
on plants under elevated CO,.

Climate change is caused by various factors such as biotic processes, variations in
solar radiation received by earth, plate tectonics, and volcanic eruptions. Certain
human activities are also responsible for ongoing climate change, often referred to as
global temperature. It will show direct and indirect impacts on terrestrial ecosystems,
both above and below the ground. On the surface of the soil, the effects of global
change will be largely direct: elevated atmospheric carbon dioxide as well as changes
in temperature, precipitation, and nitrogen availability, which will all alter the growth
of plant species. Below the surface of the soil, disturbances often act quickly like
microbial metabolic activities can be changed by many ecosystem-scale factors such
as nitrogen deposition, elevated carbon dioxide (Dhillion et al. 1996; Ajwa et al.
1999; Mayr et al. 1999). The response to climate change is more complex. Plant
responses affect the type and amount of carbon entering the soil system as well as the
physical architecture of the plant root zone.

Through their diverse metabolic activities, soil microbial communities are the
major drivers of soil nutrient cycling and their importance in mediating climate
change and ecosystem functioning should not be underestimated (Balser et al. 2001).
Climatic change involves increasing atmospheric CO, concentration, temperature,
precipitation, and drought. It can alter the relative abundance and function of soil
communities because soil community members differ in their physiology, temper-
ature sensitivity, and growth rates (Lennon et al. 2012; Briones et al. 2014; Delgado-
Baquerizo et al. 2014).

3.2.1 Impact of Elevated CO,

Altered environmental conditions due to climate change are likely to induce changes
in plant physiology and root exudation. Particularly elevated CO, leads to increase in
C allocation at the root zone and potentially alters root exudation compositions.
Alterations might include changes in the availability of chemo attractants or signal
compounds as well as a different C/N ratio or nutrient availability (Kandeler et al.
2006; Haase et al. 2007). Photosynthetically derived carbon (C) into the rhizosphere
through root exudation, making root exudates, is a key factor in increasing microbial
abundance and activity in the rhizosphere compared to bulk soil (Lynch 1990;
Kapoor and Mukerji 2006). Low-molecular-weight C compounds present in root
exudates, including sugars, organic acids (OAs), and amino acids are readily assim-
ilated by microorganisms and are proposed to play a primary role in regulating
microbial community dynamics in the rhizosphere (Bais et al. 2006).

Root exudates play a key role in plant-microorganism interactions by influencing
the structure and function of soil microbial communities. Model exudate solutions,
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based on organic acids (OAs) (quinic, lactic, maleic acids) and sugars (glucose,
sucrose, fructose), previously identified in the rhizosphere of Pinus radiata, were
applied to soil miniature. OAs caused significantly greater increases than sugars in
the detectable richness of the soil bacterial community. The greater response of
bacteria to OAs may be due to the higher amounts of added carbon, solubilization of
soil organic matter, or shifts in soil pH. The impact of climate change on root
exudates like model solutions such as OAs, which plays a significant role in shaping
soil bacterial communities therefore, this may have a significant impact on plant
growth (Shi et al. 2011).

Climate change may significantly impact the diversity and activities of such plant-
associated microbial communities (Drigo et al. 2008). Consequently, microorganisms
known for their beneficial effects on plant growth or health might also be impaired, in
terms of exhibiting their desirable properties and their colonization capacity under
certain conditions. The majority of studies performed so far have indicated that elevated
CO, conditions will lead to increased colonization of PGPF (plant-growth-promoting
fungi). It is also important to note that elevated CO, concentrations may induce AMF
(arbuscular mycorrhizal fungi) community composition changes (Klironomos et al.
2005). AMF are known to enhance plant nutrient uptake (mostly phosphate) or confer
other benefits in exchange for rhizosphere carbohydrate compounds (Koide 1991;
Newsham et al. 1995).

The composition of microbial communities correlates with plant physiology and
is likely to be driven by root exudation or metabolite patterns. This indicates that the
colonization of plant-associated microorganisms depends on the availability of
certain compounds produced by the plant acting as the primary nutrient source, as
chemo attractants or signal molecules. Consequently, at elevated CO, concentrations
in particular, but also under conditions of increased temperature or drought, different
genotypes of PGPF or PGPB show potential for different functional activities in the
plant environment (Waldon et al. 1989; Marilley et al. 1999; Drigo et al. 2009).
However, because of altered community structures, beneficial microorganisms
might have to compete with different microbial communities and therefore might
show an altered colonization behavior. In addition to the potential effects of climate
change on microbial colonization characteristics, microbial activities may be
affected (Kandeler et al. 2006; Haase et al. 2008). Microbial communities showing
different activities or producing altered signals in the long term either may result in
the establishment of altered communities or in the elicitation of different plant
responses.

Considering the fact that plant-beneficial microorganisms such as mycorrhizal
fungi and nitrogen-fixing bacteria provide up to 80% N and up to 75% P and that an
extremely high number of plant species are completely dependent on microbial
symbionts for growth and survival, it is evident that alterations in the plant-beneficial
microbial communities may ultimately influence plant diversity and functioning of
soil microbiota. Furthermore, the abundance or the activity of microorganisms with
biocontrol activities may be altered and thereby plant pathogen populations may be
affected (Compant et al. 2010). Under elevated CO, conditions, nutrients such as N
might be limiting, leading to the need for enhanced fertilizer input in agriculture, in
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such cases plant growth-promoting microorganisms supporting nutrient acquisition
such as mycorrhizae or N-fixing bacteria may gain increasing importance.

Overall, these results suggest that elevated CO, may interact with the plant—
fungal symbiosis and may lead to increased endophyte infection frequency, although
with lowered toxin production (Brosi et al. 2009). The impact of CO, on the host
plant and its endosymbionts may additionally change the plant carbohydrate content.

3.2.2 Impact of Temperature

Temperature changes are often coupled with changes in soil moisture, which may
explain some inconsistent results from experiments exploring how microbial com-
munities respond to climatic change. For example, rates of microbial activity at
warmer temperatures can be limited by diffusion and microbial contact with avail-
able substrates (Zak et al. 1993). While bacterial communities may respond rapidly
to moisture pulses, the slower-growing fungal community may lag in their response
(Bell et al. 2008; Cregger et al. 2012, 2014). Global changes such as temperature are
directly altering microbial soil respiration rates because soil microorganisms, and the
processes they mediate are temperature sensitive. The role of elevated temperature in
microbial metabolism has received considerable attention (Bradford 2013; Frey et al.
2013; Hagerty et al. 2014; Karhu et al. 2014). Q is often used in climate change
models to account for microbial temperature sensitivity; however, using this rela-
tionship masks many of the interactions that influence the temperature sensitivity of
microbial processes, such as decomposition. Therefore, using only Q¢ to account
for temperature sensitivity in models may lead to poor predictions. Further, while
decomposition of soil organic matter, soil respiration, and growth of microbial
biomass generally increase with temperature (Bradford et al. 2008). The tran-
sient effects of temperature on soil communities have been hypothesized. The soil
carbon substrates are depleted by increased microbial activity and because of trade-
offs as microbial communities either acclimate, shift in composition, or constrain
their biomass to respond to altered conditions and substrate availability (Allison and
Martiny 2008; Bradford 2013). Experimental temperature can initially alter the
composition of microbial communities, and shift the abundance of Gram-positive
and Gram-negative bacteria (Zogg et al. 1997).

While plant species migrations in response to climate change are well described
(Grabherr et al. 1994; Walther et al. 2002; Parmesan and Yohe 2003) most studies fail
to address the ability of associated soil microorganisms to shift their range to maintain
the positive or negative relationship between the plant and the soil community (van
der Putten 2012). Shifts in microbial activity can in turn lead to changes in decom-
position, nitrogen mineralization and organic carbon storage. Nitrogen deposition is
likely to decrease mycorrhizal fungal biomass while increasing bacterial and
saprotrophic fungal biomass (Treseder 2004; Rinnan et al. 2007) and has the potential
to increase carbon cycling by increasing the activity of microbial enzymes related to
carbon cycling. Soil biota may be poor dispersers, therefore they may respond to
climate change at a different rate than plants (van der Putten 2012).
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Increased temperature causes the soil water to decrease in some areas
(Le Houerou 1996), leading to enhanced drought in several regions of the world,
whereas others are known to support plant growth and to increase plant tolerance to
biotic and abiotic stresses (Bent 2006). Many of these plant-growth-promoting
microorganisms colonize the rhizosphere, the portion of soil attached to the root
surface and influenced by root exudates and by microorganisms (Bent 2006;
Lugtenberg and Kamilova 2009; Prasad et al. 2015). Some microorganisms can
also enter the root system of their hosts and enhance their beneficial effects with an
endophytic lifestyle (Stone et al. 2000).

In the majority of cases, the responses of AMF to increased temperature had a
positive impact on their colonization and hyphal length. In some cases however, no
effects or negative effects of enhanced temperature on AMF were reported (Compant
et al. 2010). AMF may respond to higher temperatures with enhanced growth and
plant colonization for majority of strains (Furlan and Fortin 1973; Graham et al.
1982; Fitter et al. 2000). This was demonstrated, for instance, in strains of Glomus
intraradices, Glomus mossae, and many others (Baon et al. 1994; Monz et al. 1994).
Temperature may also significantly alter the structure of the AMF hyphal network
and induce a switch from more vesicles responsible for storage in cooler soils to
more extensive mycorrhizal hyphal networks, indicating growth in warmer soils
(Hawkes et al. 2008). This is linked to faster carbon allocation to the rhizosphere and
an increased respiration of the extra mycorrhizal mycelium at a high soil temperature
(Heinemeyer et al. 2000).

3.2.3 Impact of Drought

Drought stress might be an additional consequence of climate change. High temper-
ature leads to drought or soil moisture stress. Soil moisture related to the microbial
community is more highly unpredictable and complex than temperature, and less
investigated. Drought amplifies the differential temperature sensitivity of fungal and
bacterial groups (Briones et al. 2014). Even with small changes in soil moisture
availability (30% reduction in water holding capacity), soil fungal communities may
shift from one dominant member to another while bacterial communities remain
constant. Interactions among microbes and background temperature and moisture
regimes in any given location influence microbial composition and function with
changing climate.

Despite logical mechanisms by which microbial communities may be altered by
changes in soil moisture. Generally, drought reduces AMF colonization, but in some
cases this kind of response might be dependent on strains as reported by Davies et al.
(2002), who demonstrated that drought enhanced arbuscular formation and hyphae
development of the Glomus sp. strain ZAC-19, whereas colonization by a Glomus
fasciculatum strain was reduced.

Drought is frequently responsible for reduced plant growth in roots and aerial
plant parts, which makes the plant susceptible to other pathogens attack. This may
lead to changes in the allocation of photosynthates in the rhizosphere as well as in
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ectomycorrhizal mycelium (ECM) formation. However, plants may change the type
of mycorrhiza colonizing their hosts during longer exposure to drought as it was
shown by Querejeta et al. (2009). The beneficial association between some strains of
AMF and plants may thus reduce the severe effects of water limitation to plants.
Moreover, some AMF may resist drought stress better than others.

Different mechanisms may thus be responsible for ECM-induced stress tolerance.
Improved performance of mycorrhizal seedlings under drought stress conditions
may also be linked to better P and K nutrition as well as to a more extensive root
system with mycelial strands as demonstrated with Picea sitchensis and P. involutus
(Lehto 1992). The consequences of drought stress tolerance induced by ECM may in
addition affect belowground litter quality and quantity as well as accumulation of
organic matter in soils.

There are some microsymbionts, such as the strains of the taxa Atkinsonella,
Balansia, Balansiopsis, Echinodothis, Epichloé, Myriogenospora (White 1994),
Parepichloé (White and Reddy 1998), Neotyphodium (Glenn et al. 1996), and certain
endophytic fungi that can colonize entirely within plant tissues and may grow within
roots, stems, and/or leaves, emerging to sporulate at plant or host-tissue senescence
(Sherwood and Carroll 1974; Carroll 1988; Bacon and De Battista 1991).

Water may act in concert with nitrogen addition to increase decomposition of plant
tissues (Henry et al. 2005). Increased moisture, or alleviation of water stress, can also
alter the lignification of plant cell walls (Henry et al. 2005), increase grassland
productivity, and impact on soil carbon. Soil moisture coupled with elevated carbon
dioxide also decreases abundance of ammonium oxidizing bacteria, potentially
altering the soil nitrogen cycle (Horz et al. 2004). Temperature with elevated carbon
dioxide may act additively to increase soil respiration (Niinisto et al. 2004; Van Veen
et al. 1991; Hungate et al. 1997). Although there have been few reports on the
interactions between elevated temperature and moisture, there is evidence to suggest
that together they may lead to shifts in the structure of methane-oxidizing bacterial
communities (Horz et al. 2005).

3.3 Conclusion and Future Prospects

Climate change will affect soil microbial communities’ structure and functions both
directly and indirectly. Directly through changing the physical structure of the soil
and carbon allocation and indirectly by changing land use. Soil microbes are
essential components in the agricultural ecosystem responses to climate change
through which the process of cycling of nutrients and soil carbon allocation occurs.
Temperature interacts with changes in water and nitrogen availability. All climate
change factors such as temperature, increasing CO, concentration, precipitation, and
drought impact will be both positive and negative. However, most of the cases it has
a positive effect on the microbial community. Although, in order to clearly under-
stand the exact mechanism of impact on climate change on soil microbial commu-
nity, some other factors which show impact on soil microbial communities and
models need to be studied.
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Industrial Effluents: Impact on Agricultural <o
Soils and Microbial Diversity

Sujata Mani, Pankaj Chowdhary, and Vishvas Hare

Abstract One of the most important alternative water resources in regions where
scarcity of freshwater is common is the application of industrial effluents. The
application of different, treated industrial wastewaters/effluents and sludge on agri-
cultural fields offers an alternative to disposal by utilizing it in the production of
crops. Industrial effluents could provide sufficient water and essential nutrients
required for plants since they are very rich in organic matter, minerals, metals, etc.
These effluents added to the soil in sufficient quantities would improve the soil’s
physical condition and render it a more favorable environment to manage water and
its nutrient content. Irrigation with such a kind of water might affect the diversity and
function of the soil microbial community and alter the structure of soil. However,
unlike manufactured fertilizers in which nutrient properties are managed to suit the
crop requirements, the nutrients in the effluents are totally uncontrolled. Thus, before
application to agricultural lands, the effluents should be treated at agronomic rates
for satisfying the requirements of nutrients to be in excessive or in deficient amounts.
The fate and transport of potentially harmful constituents in the environment are also
of great concern. If the constituents from effluents are not immobilized in the soil
surface, they might escape the root zone and leach groundwater. Thus, this chapter
reviews the possible physical and chemical changes on agricultural soil as well as on
crops as a result of wastewater application for irrigation. This chapter also improves
our understanding on how irrigation with wastewater changes the activity of soil’s
microbial process.
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4.1 Introduction

The most important system of terrestrial ecosystem is soil the pollutants in which
have direct impact on ion minerals, organic matters, and soil microbial community.
The utilization of industrial effluents is a worldwide practice in irrigating agricultural
lands. It is the most common practice in developing countries where the cost of
wastewater treatment is unaffordable (Feigin et al. 1991). An economic alternative
for disposal of industrial effluents than surface water are agricultural fields or sites
where they can contribute to nutrient cycling. The irrigation of agricultural lands
from wastewater provides water, nitrogen, phosphorus, and organic materials to the
soil (Chowdhary and Bharagava 2019; Chowdhary et al. 2018c). All these factors
provide beneficial effects on soil microbiota, but pollutants such as salts, heavy
metals, and surfactants from these effluents may accumulate in the agricultural soils
and can cause potential hazard to soil quality as well as its productivity for a long
term (Chowdhary et al. 2018a, b).

Several human and animal health problems can occur due to the consumption of
plants growing in metal-contaminated soils. Many researchers have stated that these
heavy metals get accumulated in the soil due to continuous irrigation with industrial
effluents (Hare et al. 2017; Chowdhary et al. 2017b, 2018b; Bharagava and Chandra
2010). The use of wastewater, on the other hand, could solve problems related to
disposals, minimize human health hazards, and can also prevent the pollution of
groundwater. These effluents from agricultural and urban sources have great potential
for reuse as a source of organic matter, nutrients, soil-conditioning agents, and water.

The impact of the application of industrial effluents varies with effluents’ char-
acteristics, type of soil, and the vegetation of the soil that is irrigated. Irrigation with
different industrial wastewaters may change soil’s physical, chemical, and biological
properties. These properties of soil play a very important role in the transformation
of nutrients present in the wastewater applied for irrigation (Chowdhary and
Bharagava 2019; Magesan et al. 1999). Since wastewaters can improve the physical
properties as well as the nutrient content of the soil, the application of these
wastewaters to cropland and forested lands is an attractive approach for their
disposal. The wastewaters used for irrigation purposes provide water, nitrogen,
phosphorus, and organic matter to the soil (Chowdhary and Bharagava 2019). But
there is a great concern on the accumulation of some possibly toxic elements such as
cadmium, copper, iron, manganese, lead, and zinc, from both domestic as well as
industrial sources. Thus, checking the concentration of such elements in the waste-
water is crucial before application. The main public concern regarding crops and
forage plants is their potential uptake of trace elements which are present in the
wastewater applied for irrigation purposes (Chowdhary et al. 2018a, b; Chowdhary
and Bharagava 2019). Apart from this, another major concern regarding toxicity is
the ingestion of these elements by grazing animals from soil under wastewater
irrigation. Therefore, the accumulation of these toxic elements by the plants grown
and their uptake by grazing animals must be cautiously evaluated.
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This chapter systematically reviews the effects of different industrial wastewaters,
such as textile, distillery, pulp and paper, tannery, etc., on physical, chemical, and
biological properties of soil when applied for irrigation on agricultural fields. This
chapter also puts forward suggestions on future prospects for the application of
industrial effluents on irrigational fields.

4.2 Sources of Effluents to Agricultural Fields and Their
Properties

In the recent decades, the utilization of industrial effluents in agricultural fields has
become a common practice in waste disposal. It may be beneficial to agricultural
soils as well as in crop productivity since it contains several plant nutrients and
organic materials. Conversely, depending on its sources, wastewater can often
contain a considerable amount of organic toxicants and several other toxic metals.
Industries such as distillery, tannery, textile, pulp and paper, paint, pharmaceutical,
etc., use a substantial amount of water in their processes and so release as much
water as well (Chowdhary et al. 2018a, b) (Fig. 4.1).

Distillery effluents are dark brown in color with a strong odor, low pH, and
extremely high nutrient contents. These effluents have high BOD, COD, and nutrients

Treated water Reclaimed (recycled) water

Domestic effluent mﬁdptzm Trealad wastowator hat
from commercial up to certain can officially be used
establishments standards in under controlled
IrusTal onliont order to reduce conditions for beneficial
Sto its pollution or RUIPOSSS: such as
rm water and el heard irrigation.

other urban run-off

Fig. 4.1 Different sources of wastewater utilized for irrigation purposes
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level, including nitrogen, phosphorus, potassium, etc. The toxic pollutants released
from distillery effluents affect the food chain and thus disturb the ecological balance of
the soil (Chowdhary et al. 2017a; Pal and Vimala 2012; Singh and Patel 2012).

Effluents from tanneries produce a huge amount of wastewater which is generally
discharged to fields for irrigation. This type of wastewater is yellowish brown in
color with high TDS, TSS, TS, BOD, COD and contains a large amount of salts,
heavy metals, and various other toxic pollutants. When these pollutants of tannery
effluents accumulate in the irrigated soils, reduction in soil fertility occurs through
effluents’ adverse effect on heterogeneous microbial communities inhabiting soils,
causing less crop productivity (Alvarez-Bernal et al. 2006). These heavy metals may
also cause hazards to humans and plants via accumulating in the food chain
(Takahashi et al. 2012; Dutton and Fisher 2011).

One of the largest industries which release huge volumes of effluents during
processing is the textile industry. Approximately 15% of the total textile dyes are
predicted to be directly lost with the effluent (Mani and Bharagava 2016; Zollinger
1987). The wastewater emerging from textile industries generally has high TDS,
TSS, TS, BOD, and COD. The effluents are extensively rich in micro- and macro-
nutrients with high salinity and excessive concentrations of carbonate ions, sodium,
and alkalinity (pH 10-11.5), but reversely are low in calcium concentrations
(Chowdhary et al. 2018a, b, c; Garg and Kaushik 2008). Textile effluents consist
of a broad spectra of chemicals such as sodium sulfite, sodium nitrate, sodium
carbonate, sodium hydroxide, sodium oxychloride, NaCl, H,SO,, sodium peroxide,
sodium silicate, H,O,, acetic acid, bleaching powder, tannic acid, malt, detergents or
enzymes, mordants, dyes, gum, etc. These chemicals-containing effluents utilized
for irrigation purposes disturb the normal weathering and leaching activities of soil.
They also affect soil’s water movement activity by altering the chemical and
biological nature of soil.

Among the most tainted industries of the environment is pulp and paper, which
requires large amounts of freshwater and lignocellulosic material for its processing.
Large quantities of effluents are generated after the paper production process (Kumar
and Chopra 2011, 2013a, b, 2015). The widely used chemicals in pulp and paper
industries are sodium hydroxide, sodium carbonate, sodium sulfate, Mg (HSO,), and
CaClO,. The pulp and paper industry effluents are dark in color with a foul smell,
high BOD, COD, pH, and organic content (Kumar and Chopra 2014a, b, ¢; Kumar
et al. 2010; El-Bestawy et al. 2008; Deilek and Bese 2001).

4.3 Effects of Effluents on Soil Physicochemical Properties

Industrial effluents discharged without proper treatment from different industries may
have a reflective impact on the physicochemical as well as biological properties of
soils, especially related to its fertility. Several reports are available on the occurrence
of changes in properties of soils due to the discharge of effluents from industries such
as distillery industry, dairy industry, cotton mill, etc. (David 2010; Nizamuddin et al.
2008; Nagaraju et al. 2007; Narasimba et al. 1999). Conventionally, industrial wastes
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are disposed in the surroundings or nearby fields without adequate and proper
recycling or treatment. These large quantities of unutilized and rejected chemicals,
such as calcium, carbonates, MgSQ,, Fe,03, FeCls, fly ashes, sludge, saw dust,
bottles, plastic, radioactive wastes, etc., are dumped on the soil surface by almost
all the industries. Larger the production rate of industries, larger is their waste
generation rate.

All wastes dumped on soil surfaces by industries tend to change the physical,
chemical, and biological nature of soil and thus contribute a large amount of toxic
substances or pollutants to underground freshwater. The deposition of these chemicals
on agricultural lands disrupts the normal activities of leaching and weathering of
agricultural soil and also affects the soil’s water movement activity. The microorgan-
isms responsible for maintaining the ecological equilibrium of soil tend to be affected
the most. The long-term application of these effluents would badly affect the physical,
chemical, and biological properties of soil (Antil et al. 2007).

4.3.1 Effects of Wastewater on Soil Physical Properties

The irrigation of agricultural fields by industrial effluents has improved the physical
as well as chemical assets of the soils by increasing soil microorganisms’ activity.
Continuous irrigation with these effluents is also expected to increase soil nutrient
levels. Though very rich in organic content and nutrient supplements, soil’s hap-
hazard usage for an extended period of time risks deteriorating its physicochemical
properties (Tripathi et al. 2011). The wastewater containing pollutants may slowly
get introduced and accumulated in the soil and pose a risk to its quality as well as
productivity rate (Friedel et al. 2000). In spite of the strong possibility of agronomic
and economic benefits of effluent irrigation, the long-term application effects of
effluents have been less investigated. Industrial effluents pose different physical
effects on the soil ecosystem, which are discussed next.

4.3.1.1 Organic Matter

The organic materials in soil enhance its structural properties by binding the soil
particles into aggregates or knobs and creating noncapillary pores through which air,
water, and allow other essentials. Soil organic matter is gradually lost as the land is
repeatedly utilized for cropping, leading to deterioration of soil’s physical properties.
Agricultural lands with continuous cultivation are highly deficient in organic mate-
rials because the rate at which organic matter returns from crop residues is lower as
compared to the decomposition rate of organic matter in soil. The area lacking
organic matter results in less stable soil aggregates which could easily fall apart in
the presence of rain water or penetrating water. Despite cultivation, the larger soil
pores are lost, soil air decreases with restricted water movement, and the soil
becomes more closely packed with increased bulk density.
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4.3.1.2 Water Retention Properties

Usually, the application of industrial effluents to agricultural fields increases soil’s
capacity to retain water. But it has been reported that the organic content of the
effluents may affect water retention capability either by directly affecting the organic
particles of soil or by indirectly influencing the other physical properties of soil, such
as porosity, bulk density, or pore size distribution. Nevertheless, several other
researchers have reported an increase in water retention capacity of soil at field
capacity and at wilting point by effluent application on soil (Metzger and Yaron
1987; Chang et al. 1983).

4.3.1.3 Structure and Aggregation

Industrial effluents are full of organic materials which can improve the quality and
structure of soil by reducing bulk density and promoting soil aggregation. Long-term
application of effluents on agricultural lands may damage the natural balance on soil,
causing ecological deterioration. The direct effect of effluents on soil’s physical
properties is structural damage, functional disturbances, and soil hardening (Wang
and Lin 2003). One of the most important parameters for quantifying soil physical
properties is its bulk density, which has a great impact on soil aeration, water holding
capacity, absorption capacity, erosion resistance ability, infiltration, and solute
migration (Huang 2000). The changes in soil density expose the porosity of soil
(Neves et al. 2003). A study on the long-term application of wastewater for irrigation
showed a significant change in the structure of soil. Bulk density and soil porosity
had a close association with effluent irrigation as soil porosity decreases with
increase in bulk density over time.

Soil hardening resulted in soil resistance to penetration, which is an important
index in the measurement of crop roots elongation resistance which is related to the
aggregation characteristics and spatial arrangement of soil (Franzluebbers et al.
2000; Barber 1994; Mullins et al. 1994; Ahmed et al. 1987). Further, irrigation
from effluents with high salinity could made soil secondary salinization and also
enhanced total alkalinity and sodium alkalinity in soil causing its hardening and
decreasing its permeability (Li et al. 2006, 2003; Martens and Frankenberger 1992;
Pagliai et al. 1981).

4.3.1.4 Water Transmission Properties

The organic materials present in wastewater can delay infiltration and aeration
temporarily by plugging the soil surface. However, the net effect of organic matter
on soil aggregation is that it improves soil structure, which enhanced water trans-
mission, water infiltration, and also reduces soil susceptibility to erosion. The levels
of sodium, calcium, and magnesium, under certain conditions, could adversely affect
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soil structure and worsen its tillage, infiltration, and friability characteristics. Sodium
can cause dispersion of soil aggregates, leading to permeability and infiltration,
when present in high concentration as compared to calcium and magnesium. The
soil structure is not only associated with concentration of Ca and Mg but also to
salinity of effluent, at which level different concentration of Na may affect soil
structure. The effect of sodium on infiltration and permeability of water is predicted
by the technique based on the sodium adsorption ratio (SAR), a ratio of concentra-
tion of sodium in water to the square root of the sum of the concentrations of calcium
plus magnesium (mM/L) (Table 4.1).

High-SAR water with low salinity disperses the soil, making it harder to work on,
less friable, and permeable to water (Table 4.2). Plants vary in their tolerance power
to soil salinity as it affects the growth of plants by affecting water availability to the
plants (Maas 1990; Bouwer and Idelovitch 1987).

4.3.2 Effects of Wastewater on Soil Chemical Properties

Biologically stabilized industrial effluents contain approximately an average of 50%
organic materials. When added to agricultural fields, the wastewater undergoes
decomposition to carbon dioxide, low-molecular-weight soluble organic acids,
inorganic constituents, and residual organic matter (Table 4.3).

Though most of the organic materials in wastewater get converted into water and
carbon dioxide, some become a stable layer of the soil humus, which tends to
increase the cationic exchange capacity net negative charge of the soil (Hernandez
et al. 1990; Boyd et al. 1980; Thompson et al. 1989; National Research Council

Table 4.1 Effect of salt concentration on sodium adsorption ratio

Magnesium Sodium Calcium
Sodium adsorption ratio | (mg/L) | (mmol/L) |(mg/L) |(mmol/L) |(mg/L) |(mmol/L)
2.39 50 4.11 100 4.35 50 2.50
3.39 100 8.22 200 8.70 100 4.99
4.79 200 16.45 400 17.40 200 9.98
10.70 1000 82.26 2000 87.00 1000 49.90

Table 4.2 Guidelines for the interpretation of water quality for irrigation

EC(dS/m)
SAR No problem Slight to moderate problem Severe problem
0-3 >0.9 0.9-0.2 <0.2
3-6 >1.3 1.3-0.25 <0.25
6-12 >2.0 2.0-0.35 <0.35
12-20 >3.1 3.1-0.9 <0.9
20+ >5.6 5.6-1.8 <1.8
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Table 4.3 Chemical characteristics of freshwater and wastewater used for irrigation (Silva et al. 2016)

Property Freshwater Wastewater Threshold levels for irrigation
pH 7.13 £ 0.61 7.55+0.53 6.5-8.4
COD ne 169 + 21 -
N-total ne 89 -
N-NH, ne 82+ 4 -
N-NO; ne 0.31 +0.38 <30
P-total ne 4.3 + 0.06 <02
EC dSm™") 0.78 + 0.17 1.66 + 0.24 0-3
Calcium (mg/L) 33.16 + 6.33 34.52 + 6.87 <400
Magnesium (mg/L) 26.58 + 3.96 44.54 £ 9.07 <61
Sodium (mg/L) 76.25 + 3.61 157.21 £ 11.21 0-69
Potassium (mg/L) 5.32+1.02 21.66 £ 0.65 <2
SAR (mmol/L)"> 2.39 £ 0.18 4.16 £ 0.30 <9
Sulfates (mg/L) Absent Present <960
Bicarbonates (mg/L) 116.39 £ 21.65 436.76 £ 97.96 <610
Chlorides (mg/L) 176.28 £ 2.53 286.36 + 11.21 <350
Boron (mg/L) 0.24 + 0.01 0.26 + 0.10 <0.70
Copper (mg/L) <0.05 <0.05 0.20
Iron (mg/L) <0.05 0.46 + 0.06 5
Manganese (mg/L) <0.03 0.05 + 0.01 0.20
Zinc (mg/L) <0.05 <0.05 2

ne not evaluated

1977). Cationic exchange capacity is the measurement of the capacity of soil to
retain cations. The higher rate of cationic exchange capacity prevents loss of
essential nutrients by leaching (National Research Council 1977; Broadbent 1973).
Commonly, the different constituents released along with wastewater may be cate-
gorized under four groups such as (1) the more soluble cations, anions, and mole-
cules; (2) trace elements which form sparingly soluble reaction products;
(3) potentially harmful inorganic chemicals; and (4) potentially harmful organics.

4.3.2.1 Soluble Cations, Anions, and Molecules

The anions, cations, and other molecules such as sodium, potassium, calcium, mag-
nesium, chloride, sulfate, nitrate, selenite, bicarbonate, and boron (as borate and boric
acid), which are soluble in industrial effluents, are of great concern in agricultural
operations even in lower concentrations. These molecules and ions present in effluents
are further absorbed by plants subsequent to irrigation. Since boric acid is weakly
absorbed and uncharged, they are normally leached to the levels safe for most crops
where water is applied in excess of evapotranspiration (Keren and Bingham 1985).
Boron may become toxic to sensitive plants if its concentration reaches above about
0.7 mg/L in irrigation water (Maas 1990). Therefore, precautions should be taken to
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assure that the concentrations of boron in soils should not exceed this critical level
through effluent irrigation, which could harm sensitive plants. But some tolerant crops
such as cotton plants normally withstand this critical level of boron and also as high as
10 mg/L without damage, and thus can be promoted for cultivation in these soils.

In order to preserve the productivity of irrigation soil, the wastewater used for
irrigation should be reclaimed in salts and other nutrient matter so that normal
irrigation practices could be carried out. For irrigation purposes, the typical concen-
trations of salts in wastewater should be within the accepted levels. These salts
accumulate in the soil unless removed by plants or through leaching from the root
zone; otherwise they could prevent the growth of all but most tolerant plants when
they reach a certain critical level. Crop plants can only remove less than 10% of salts
from soils, even under the most ideal conditions applied through irrigation water
(Oster and Rhodes 1985). Therefore, in order to sustain growth, the salts from the
soil should be leached from the root zone of crops. Precipitation is usually an
efficient method to leach salts to an acceptable level in temperate and humid regions
where irrigation is practiced only during parched periods.

4.3.2.2 Trace Elements

Subsequently to the decomposition of organic matter, trace elements including Ca,
As, Co, Cu, Ni, Mo, Pb, and others are also released along with wastewater. These
trace elements are utilized by plants in very small amounts and frugally form soluble
reaction products. Thus, this tends to accumulate in the soil surface and slowly
becomes part of the soil matrix (McGrath et al. 1994). With the repeated application
of wastewater for irrigation, these trace elements could accumulate to toxic levels,
which could harm soil microorganisms and plants (McGrath et al. 1994; Chang et al.
1992). Furthermore, through crops, they could get into the food chain, affecting
humans, domestic animals, and wildlife that consume the crops (Logan and Chaney
1983). Higher concentrations of trace elements are accumulated in tissues of crops
grown in acidic soils and become more liable to phytotoxicity than crops grown on
neutral or calcareous soils. Crops grown in extremely acidic soils with excess
copper, zinc, and nickel have shown visual symptoms of phytotoxicity. The prob-
lems associated with the acidity of the soil could be resolved through routine
management operations which could neutralize the acidity of soil (Pearson and
Adams 1967). As long as the agronomic practices are continued with the application
of treated wastewater to agricultural fields, the possibility of trace elements to harm
the yield and wholesomeness of crops would barely exist.

4.3.2.3 Accumulation of Potentially Harmful Inorganic Chemicals
in Soils

Treated industrial effluents hardly consist of any harmful elements at concentrations
exceeding the irrigation water limit. Therefore, the treated wastewater should be
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permitted to be used for crop irrigation purposes. Depending on the contributions of
different industries, the concentrations of trace elements varies in emerging waste-
waters. Bray et al. (1985) examined silage crop on land irrigated with municipal
waste for 3 years at moderate to high rates (15-90 metric tons/ha). They found
increased but not excessive levels of zinc and cadmium on silage crop, but observed
no elevated levels of the other 12 elements, including chromium, lead, mercury,
arsenic, and selenium.

4.3.2.4 Accumulation of Potentially Harmful Organic Chemicals in Soils

The most significant component of soil is the organic matter, which is also regarded
as an important index for measuring the fertility of soil (Rattan et al. 2005). The
accumulation of organic matter in soil depends on the means of input of organic
matter (Shao et al. 2006; Qin 2003). When industrial effluents consisting of organic
chemicals get added to the soil, they may decompose, be adsorbed, or volatilize but
only those that are nonvolatile and resistant to decomposition will accumulate in the
soil. Industrial wastewater irrigation could solve shortage of water in agricultural
field as well as increase soil fertility, but this heft of increase showed agro-type and
altitudinal difference (Xue 2012). A research on soil organic matter displayed
significant increase in sandy soil by 36.5 g/kg from 0.85 g/kg to 1.16 g/kg and
loam soil by 97.1 g/kg from 2.73 g/kg to 5.38 g/kg (Lan et al. 2010). The degree of
soil organic matter increases with different soil layers. The extremely noteworthy
effects on soil organic matter were easily discovered within 20 cm of topsoil, which
substantially reduces with the depth of soil layers.

4.4 Effects of Wastewater Irrigation on Soil Microbial
Activities

The most sensible soil quality indicators are the changes in the soil’s biological
characteristics, as soil microbiota is more vigorous and sensitive than the physico-
chemical properties of soil. More detailed studies have been performed on the effect of
addition of industrial sludge to soils on soil microorganisms but less research infor-
mation is available on the effluents’ effect on agricultural soils, such as denitrification,
enzymatic activities, and microbial respiration. Soil microorganisms, including bacte-
ria, fungi, actinomycetes, and algae, play an important role in the decomposition of
organic matter as well as in the cycling of plant nutrients such as phosphorus, nitrogen,
and sulfur (Mani and Bharagava 2016; Bharagava et al. 2018). Long-term application
of industrial wastewater has shown a detrimental effect on microbial activity and its
biomass, nitrogen fixation, and vesicular-arbuscular mycorrhizae due the accumula-
tion of metals in soil (McGrath et al. 1994, 1988; Smith 1991; Giller et al. 1989).
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The most astonishing pool of life in the biosphere is the microbial diversity that
we have just begun to understand and explore, but this diversity has been exploited
by humans in processes such as production of antibiotics, vitamins, and fermenta-
tion. The supply of effluents to the irrigated lands has contributed in enhancing the
nutrient stocks for microbes (Li et al. 2015; Jain et al. 2005).

The structural association of soil particles provides a dimensional heterogeneous
habitat to microorganisms categorized by different nutrients, substrates, concentra-
tions of oxygen, water content, and flexible pH values (Sessitsch et al. 2001). Soils
microorganisms not only degrade organic matter but also promote moisture retention
and fertility of soil (Kuske et al. 2002). Soil microbiota also plays a very important
role in the cycling of nutrients, carbon sequestration, soil creation, and structure.
Therefore, soil community structure and function is the most important aspect in
assessing soil health.

4.4.1 Effects of Wastewater on the Nitrification Potential
of Soil

Wastewater irrigation not only diminishes the water shortage problem but also leads
to the potential accumulation of pollutants and causes conforming alterations in
denitrifying communities and process of denitrification (Fig. 4.2).

Hence, the long-term application of wastewater for irrigation must be avoided as
it could have possible public health and environmental side effects since it may
contain pathogens, high levels of dissolved organic C, detergents, sodium, and toxic
metals (Wallach et al. 2005). Furthermore, these could cause significant shifts in
structure and function of microbial communities, which increases the viability of
agricultural soils. The most important groups of microorganisms which may get
affected by these effluents are chemolithotropic ammonia oxidizing bacteria (AOB).

AOBs are the first responsible rate-limiting step in the process of nitrification in
which ammonia (NHy) is transformed to nitrate (NO5™) via nitrite (NO, ™), which
play a very critical role in natural nitrogen cycle (Rusan et al. 2007). As per previous
research, AOB has been demonstrated to be affected by various chemical conditions
but are not limited to levels of organic matter, ammonia, oxygen, toxic metals, pH,
and salts (Meng et al. 2016; Abaidoo et al. 2010; Zhang and Wang 2007; Rusan et al.
2007; Xia and Wang 2001; Yang 2000; Brown and Halweil 1998). The AOB
exhibits slow growth rates, low biomass yields, and limited number of distinguishing
phenotypic characteristics, thus traditional biological methods for studying AOB
becomes unrepresentative and extremely time consuming (Angelakis et al. 1999).
The addition of effluents to the irrigational fields provides additional exogenous food
supply, which increases microbial populations. On the basis of C/N ratio, the
increased microbial populations demand for nitrogen could reduce the plant-
available nitrogen to levels that are deficient for crop growth (Alexander 1977).
This process, referred to as immobilization, occurs to the C/N ratio of about 20 or
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Fig. 4.2 Effect of different factors on nitrification (adopted from Guo et al. 2013)

more in which microbes convert inorganic nitrogen to organic nitrogen, the form
unavailable to crops (Alexander 1977). Carbon volatizes to carbon dioxide as
decomposition proceeds and the C/N ratio reduces from 20, mineralization of
organic nitrogen exceeds immobilization, and an excess availability of inorganic
nitrogen to the crops results (Brookes et al. 1986b; Guo et al. 2013).

4.4.2 Effects of Wastewater on Nitrogen Fixation

The adverse effects on the symbiotic relationship between certain strains of rhizobia
have been previously reported as being due to the accumulation of metals in soils
following long-term application of industrial effluents (McGrath et al. 1994; Giller
et al. 1989). An agricultural field which received industrial effluents for over 20 years
has shown lesser concentration of nitrogen and decreased yield of white clover
(McGrath et al. 1988). The root nodules of clover isolated from high metal-
contaminated soil were also found to be smaller, and clover rhizobia were found to
be ineffective in nitrogen fixation (Giller et al. 1989). Further, large numbers of
effective rhizobium of similar strain was inoculated to the soil for restoring the
nitrogen fixation process. It was concluded that clover rhizobia were unable to survive
in the free-living state outside the protected root nodules in metal-contaminated soils
(McGrath et al. 1994).
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Other researchers have shown no conclusion on the inhibition of rhizobium by the
application of industrial effluents. Some other studies have shown little or no effect on
nitrogen fixation activity. Heckman et al. (1987) studied the effect of industrial sludge
on symbiotic nitrogen fixation by soybean. They reported no effect on nitrogen
fixation where sludge was not applied but observed a decrease in the nitrogen fixation
amount at the site of sludge application. In another study, Kinkle et al. (1987) studied
soybean rhizobia in soil which received effluent for 11 years and found no detrimental
effect either on soil rhizobial numbers or shift in serogroup distribution. Similar results
were also reported by Angle and Chaney (1989). But in contrast to this, reduced
nodulation and ineffective symbiosis were reported for alfalfa, white clover, and red
clover grown in effluent irrigated soils with pH less than or equal to 5. However, no
effect on plant growth, nodulation, and nitrogen fixation were observed when these
were grown at pH 6.0 and above.

The long-term applications of wastewater on irrigated soils resulting in metal
accumulation have shown reduction in nitrogen fixation by free-living heterotrophic
bacteria (Lorenz et al. 1992; Martensson and Witter 1990; Brookes et al. 1986a).
Symbiotic relationships between plants and microorganisms are impacted negatively
only when soil microbes affect uptake of nutrients by associated plants. Thus, the
available information suggests that effluent applications on agricultural soils act to
delay or suppress microbial activity (Koomen et al. 1990).

4.5 Conclusion

Industrial effluents, which contain various types of organic compounds and heavy
metals, have been shown to have many adverse impacts on aquatic and terrestrial
ecosystems. Due to high load of organics and inorganics matters, effluents have been
found to have high BOD, COD, TDS, TSS, and TSS values. Similarly, they may also
contains few fertilizer elements and exotic compounds and show no adverse effects
on agriculture soils, crops, or the ecosystem if used in proper quantities appropriate
for agricultural needs. In addition, effluents sludge also contains essential nutrients
such as nitrogen, trace elements, organics, etc., which may usually fulfill crops
requirements for proper growth and development. But unfortunately, accumulation
of potentially toxic elements in sludge-amended soils may prevent the activity of
microorganism, like strains of cyanobacteria and rhizobia, and due to this microbial
biomass reduces. Adequate industrial effluents at a proper ratio may be used for
fertigation and also for soil quality improvement.
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Plant Metabolites Involved st
in Plant—Pathogen Interactions
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Abstract Plants constantly confront different pathogens and undergo stress. To
overcome such hurdles, plants produce primary and secondary metabolites. Primary
metabolites are essential for the growth and development of plant and secondary
metabolites are vital for plant survival by providing resistance against various
pathogens and maintaining an elegant stability with the environment. Plants produce
a huge number of metabolites, and many of such metabolites have yet to be identified.
For the analysis of these wide range of highly complex metabolites synthesized by the
plants, various tools and techniques are required for the study of metabolomics. Study
of plant metabolomics comprises of sample preparation or extraction of bioactive
molecules from the plants, detection and identification of the metabolites, and data
processing and statistical analysis of the identified metabolites. Modern technologies
used for the study of plant metabolomics includes metabolic fingerprinting, metab-
olite profiling and targeted and non-targeted detection analysis. Starting with the
definition of primary and secondary metabolites, we aimed to focus on the behavior of
different metabolites during plant—pathogen interaction and to finally concentrate on
different tools and techniques, which are required for the identification and analysis of
metabolites. With the help of current high-resolution mass spectrometers it has
become quite feasible to identify low-molecular-mass metabolites. Efforts are made
to develop computational tools for the identification of unknown metabolites and to
develop mass spectral databases which will provide an authentic reference for the
identified compounds.
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5.1 Introduction

Under natural conditions, plants are surrounded by many probable enemies. To
defend against pathogen bout, plants create defense strategies mainly through chem-
ical and mechanical defenses (Olivoto et al. 2017). The former includes structures
such as trichrome, thick cuticle, spines, and smooth, sticky, or hard surfaces, which
avert pathogens from laying eggs or food selection. Chemical defenses comprise a
variety of constituents which are repellent, toxic, or which make plant tissues difficult
to digest for animals. These chemical substances retaliate against abiotic or biotic
stimuli, traditionally referred to as secondary metabolites which play a major role in
plant defense mechanism (Goyal et al. 2012).

Plants are an unlimited source of phytochemicals in the form of primary and
secondary metabolites. However, secondary metabolites corrugate leading interest
because of their multifunctional activities extending from antimicrobial, insecticidal,
antibiotic properties, to extremely important pharmaceutical activities (Stockigt et al.
1995). Studies on the functions of these compounds for plant defense has increased
in the last two decades (Rhodes et al. 1994).

5.2 Primary Metabolites

Primary metabolites are limited molecules derived from living cells. Primary metab-
olites are the intermediary or final products of the metabolic pathways of transitional
metabolism (e.g., lipid metabolism, amino acid metabolism, carbohydrate metabo-
lism), and these are the composition units for vital macromolecules, or can be altered
into coenzymes (Demain 2000). Primary metabolites such as organic acids, phytos-
terols, amino acids, nucleotides, and acyl lipids are biomolecules required to perform
basic metabolic processes. These are found throughout the plant kingdom, required
for basal metabolic roles that are usually noticeable and are highly useful to plants.
These are produced in plentiful masses and can be effortlessly extracted from
different species of plants. Primary metabolites are a portion of a cell’s basic
molecular structure (Croteau et al. 2000).

Primary metabolites are concentrated in vegetative storage organs and seeds in
higher plants and are required for physiological development to perform basic cell
metabolism. Generally, primary metabolites are obtained for commercial use, which is
high volume—low value bulk chemicals. However, there are exemptions to this rule.
For example, B-carotene and myoinositol are exclusive primary metabolites as their
extraction, isolation, and purification are strenuous (Balandrin et al. 1985). Primary
metabolites are mainly used in the food industry which incorporates fatty acids
(utilized for manufacturing soaps and detergents), vegetable oils, flavor nucleotides
(5'-inosinic acid, 5'-guanylic acid), alcohols (ethanol), polyols (mannitol, glycerol,
erythritol, xylitol), amino acids (monosodium glutamate, lysine, threonine, phenylal-
anine, tryptophan), organic acids (acetic, propionic, succinic, fumaric, lactic), sugars
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(fructose, sorbose, ribose), vitamins [biotin, riboflavin (B2), cyanocobalamin (B12)],
and polysaccharides (xanthan, gellan) (Demain 2000).

5.3 Secondary Metabolites

Secondary metabolites are derivatives of primary metabolites, synthesized by plants
in a diverse array. Secondary metabolites are well known to act as chemical defenses
that avert pests and pathogens; they have a key role in controlling plant growth and
protecting plants from environmental pressures (Fraire-Veldzquez and Balderas-
Hernandez 2013). They do not comprise basic molecular cell structure. These
metabolites are produced in lesser amounts and their extraction from plants is
tough. Classes of secondary metabolites are restricted to selected plant species or
families; they are found at particular stages of development, with a limited role in the
plant (Osbourn et al. 2003).

Plants collectively produce natural products of above 100,000 low molecular
mass, i.e., secondary metabolites. These metabolites can be distinguished from the
constituents of intermediary (primary) metabolic products in that they are generally
nonessential for the chief metabolic processes of the plant. Most of them are derived
from the phenylpropanoid, alkaloid or fatty acid/polyketide, and isoprenoid path-
ways. Such a rich diversity has made it difficult to apply conventional molecular and
genetic techniques to know the functions of natural products, also to select the
genotypes for improved defense against microbial infection or insect/animal preda-
tion in plant defense, or to increase plant disease resistance by using metabolic
pathway engineering (Dixon 2001).

5.3.1 Major Classes of Secondary Metabolites

Secondary metabolites can be divided into two different chemical groups: nitrogen-
containing compounds and nitrogen-free compounds.

5.3.1.1 Nitrogen-Containing Secondary Metabolites

Nitrogen-containing compounds include alkaloids, nonprotein amino acids, amines,
glucosinolates, cyanogenic glycosides, protease inhibitors, and lectins.

5.3.1.1.1 Alkaloids

Alkaloids are biologically active compounds which contain a ring structure or a
heterocyclic compound with a nitrogen atom connected to minimum two carbon
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atoms and have some role in biological, ecological, pharmacological, chemical, and
medicinal activity. Alkaloids are special compounds which participate in various
biological processes of microorganisms, plants, and animals at different cellular
levels in altered environments (Aniszewski 2015). Alkaloids are -classified
depending upon their physical and biological attributes to help their morphological
identification and understand their technical and applied uses. Alkaloids can be
classified according to their chemical structure, ecological, and biological action;
biosynthetic pathway; and relation with chemical and technological innovations.

According to biological activity, alkaloids are cleaved into neutral or weakly
basic molecules (e.g., indicine, ricinine), animal-derived alkaloids (e.g., arthropod,
anuran, and mammalian alkaloids), moss alkaloids, nonnatural alkaloids, marine
alkaloids, and fungal and bacterial alkaloids (Pelletier 1983). Nonnatural alkaloids
are a part of bioorganic and stereochemistry research, which are used in pharmaco-
logical research. Due to constant change in the species of the pathogens and their
infection ability, it has become necessary for plants to become resistant to medicines
and antibiotics.

Based on their relationship in the branches of chemistry and technology, alkaloids
can be divided into three groups: (1) natural, (2) biomimic and bionic, and (3) syn-
thetic. Natural alkaloids are synthesized by living organisms and are naturally
synthesizing molecules which exist in nature because of the progression of life on
Earth. Biomimetic alkaloids are structurally identical to natural alkaloids and are
copied artificially in laboratories. Bionic alkaloids are those biomimetic compounds
which are synthesized artificially but are not similar analogues to natural alkaloids.
Synthetic alkaloids are molecules which are artificially synthesized using high-level
techniques and planned models, having the chemical characteristics of alkaloids.

Based on their chemical structures at alkaloid base, it can be divided into various
types: bisindoles, indolizidines, carbolines, purines, pyrolidines, pyrrolizidines, ste-
roids, terpenoids, diterpenes, triterpenes, pyridines, quinolozidines, quinolones, and
quinolizolines (Eftekhari-Sis et al. 2013). Based on shape, structure, and the biological
pathway used to create the molecules, alkaloids can be of three main type: true
alkaloids, protoalkaloids, and pseudoalkaloids (Hegnauer 1988). True alkaloids are
derived from amino acid with nitrogen in their heterocyclic ring. These are extremely
reactive compounds with biological activities even in low doses. Except nicotine, all
true alkaloids are bitter in taste. The primary precursors of true alkaloids are L-
tryptophan, L-tyrosine/phenylalanine, L-ornithine, L-lysine, and vL-histidine. These
alkaloids can be natural, bionic, or synthetic, and some examples of true alkaloids
are dopamine, cocaine, quinine, and morphine. In protoalkaloids, the N-atom acquired
from an amino acid is not part of the heterocyclic ring. These compounds are derived
from L-typtophan and L-tyrosine. These can be bionic, natural, or synthetic alkaloids,
and mescaline, hordenine, and yohimbine are some examples. Pseudoalkaloids are not
derived from amino acids, but from the precursors of amino acids from the amination
and transamination reactions. They can also be obtained from non-amino acid pre-
cursors (Aniszewski 2015).
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5.3.1.1.2 Amines

Amines are ammonia derivatives where one, two, or all three hydrogens of ammonia
are replaced by organic groups. They play a significant metabolic and physiologic
role in living organisms. Biologically active amines are cyclic, heterocyclic, and
aliphatic and most of them are named after their precursor amino acids, e.g., trypt-
amine from tryptophan, tyramine from tyrosine. Bioactive or biologically active
amines can be classified based on the number of amine groups as mono- (phenyleth-
ylamine, tyramine), di- (cadaverine, histamine, tryptamine, serotonin, putrescine), or
polyamines (spermine, agmatine, spermidine). According to their chemical structure,
amines can be aromatic (phenylethylamine, tyramine), aliphatic (putrescine,
spermine, spermidine, cadaverine, agmatine), or heterocyclic (histamine, serotonin,
tryptamine). Based on their biosynthetic pathway, they are classified as natural or
biogenic (Gléria 2005).

5.3.1.1.3 Nonprotein Amino Acids (NPAAS)

In nature, more than thousands of nonprotein amino acids are extracted from micro-
organisms, plants, and other sources (Barrett 2012). These amino acids are not
formed in the main chains of protein, but some times they do get added in protein
by post-translational modification. For these amino acids an exact transfer RNA and
codon triplet is absent (Hunt 1985). Many nonprotein amino acids are considered as
structural analogs of protein amino acids. For example, S-aminoethylcysteine is an
analog to L-azetidine-2-carboxylic acid to L-proline, L-lysine, 3-cyanoalanine to L-
alanine and L-indospicine, or L-canavanine to L-arginine (Wink 2003).

5.3.1.1.4 Cyanogenic Glycosides (CNglcs)

CNglcs are the source of HCN that occur extensively in the plant kingdom (Conn
1969) and are specialized bioactive plant products derived from amino acids char-
acterized by o-hydroxynitriles (cyanohydrins) and oximes as key intermediates.
Cyanogenic glycosides release ketones and toxic hydrogen cyanide (HCN) when
hydrolyzed by a-hydroxynitrilases and f-glycosidases in a process referred to as
cyanogenesis. Cyanogenesis is an effective defense against herbivores but is not
effective against fungal pathogens because many fungi convert HCN into carbon
dioxide and ammonia (Gleadow and Mgller 2014).

5.3.1.1.5 Glucosinolates (GSLs)

Glucosinolates (GSLs), the precursors of isothiocyanates, are organic anions
containing f-thioglucoside-N-hydroxysulfates, which represents an important and
unique class of secondary metabolites found in seeds, roots, stem, and leaves of
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plants (mainly in the Brassicaceae) (Fahey et al. 2001; Vig et al. 2009).
Glucosinolates on hydrolyzation liberate p-glucose, sulfate, and an unstable agly-
cone, which converts to isothiocyanate (Mithen et al. 2000). There are more than
120 diverse glucosinolates identified till date, mainly belonging to the family
Brassicaceae and other important crops. Glucosinolates represent a classical example
of plant compounds which affect the plant—insect interactions (Hopkins et al. 2009).
The defense activity of glucosinolates are increased upon hydrolysis by the enzyme
myrosinase. In plants, myrosinase is stored in special myrosinase cells. Myrosinase
is a thioglucosidase that transforms glucosinolates into toxic isothiocyanates (Rask
et al. 2000). In damaged plant tissues, due to the myrosinase activity, the
glucosinolates stowed in the vacuole come in contact with the myrosinase and result
in the formation of various toxic products, such as nitriles, isothiocyanates, and
oxazolidinethiones (Bones and Rossiter 2006).

5.3.1.2 Nitrogen-Free Secondary Metabolites

Nitrogen-free compounds are various terpenoids (mono-, di-, tri-, and tetraterpenes;
saponins; and cardiac glycosides), polyketides (anthraquinones), polyacetylenes,
and phenolics (phenolics acids, flavonoids, catechol tannins, anthocyanins, lignans,
galloyl and lignins).

5.3.1.2.1 Terpenoids

Terpenoids are abundant in plants with more than 30,000 compounds (Aharoni et al.
2006). Among the myriad bioactive compounds produced by plants, terpenoids
(isoprenoids) epitomize the largest and most varied group of chemicals. A majority
of plant terpenoids are utilized for specialized chemical interactions and defense in
abiotic and biotic stress environments (Tholl 2015). They play substantial roles in
nature during plant—plant, plant-environment, plant-insect, and plant-animal inter-
actions (Pichersky and Gershenzon 2002).

5.3.1.2.2 Phenolics

Plants phenolic compounds emerge as one of the main categories of secondary
metabolites and are essential for the growth, development, resistance to pathogens,
pigmentation, reproduction, and for many other functions in plants (Lattanzio et al.
2006). As stated by Harborne, the term “phenolic” embraces plant substances with
an aromatic ring bearing one (phenol) or more (polyphenol) hydroxyl substituents in
common (Harborne 1989). Phenolic substances are water soluble as they frequently
occur homogenized with sugar as glycosides and are commonly located in the cell
vacuole. Flavonoids form the largest group among the natural phenolic compounds
whereas simple monocyclic phenols, phenolic quinones, and phenylpropanoids exist
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in considerable amounts (Harborne 1984). The participation of phenolic compounds
in the defense role of plant-animal and/or plant-microorganism interaction, is
related to their antinutritional and antibiotic properties (Wink 1997). Flavonoids
help plants to reside in soils rich in noxious metals, such as aluminum (Barcelo and
Poschenrieder 2002). Several flavonoids oozing out from plant roots act as signaling
molecules, which induce bacterial gene transcription and production of proteins are
required for the infection method (Cooper 2004; Hungria and Stacey 1997;
Kobayashi et al. 2004). Several flavonoids oozing out from plant roots function as
signals, which induce bacterial gene transcription, and protein products are required
for the infection process (Cooper 2004; Hungria and Stacey 1997; Kobayashi et al.
2004). Based on their defense role, flavonoids can be split into two groups, i.e.,
preformed and induced compounds. Preformed flavonoids are innate compounds
that may play a signaling and/or a direct role in defense. These are synthesized
during the regular development of plant tissue. Induced flavonoid compounds are
produced by plants during physical injury, stress, or infection (Treutter 2006).

5.3.2 Responses of Secondary Metabolites During Biotic
Stress in Plants

Plants, being sessile organisms, live in persistently changing environments which
are often unfavorable or stressful for their growth and development (Zhu 2016).
Adverse environmental conditions result in affected plant growth; metabolism is
enormously involved in physiological regulation, signaling, and defense responses
(Fraire-Veldzquez and Balderas-Herndndez 2013). Very often the wild-type species
is resistant to microorganisms, and abiotic or biotic stress. To strengthen the
resistance of a specialized species will be of no use. So, an addition of secondary
metabolites to increase the resistance of a plant in which the species is adapted could
be the solution (Wink 1988).

Higher plants often persuade the synthesis and hoarding of defense-related sec-
ondary metabolites upon biotic stress (e.g., herbivore or pathogen attack), referred to
as phytoalexins (Mithofer et al. 2004). Plants possessing these biochemical defense
mechanisms help them to prevent or reduce further damage from pathogens (Eder and
Cosio 1994). Plants, during infection or stress, accumulate phytoalexins which are
low-molecular-weight antimicrobial compounds (Kuc 1995).

Defensive secondary compounds or metabolites become associated in response to
both abiotic and biotic stress conditions (Akula and Ravishankar 2011). PhA
(Phenylamides) play an important role in plant growth, development, and stress
defense. PhA involved in plant defense have an antimicrobial activity that can
protect plants against both abiotic and biotic stresses (Edreva et al. 2007). It is also
reported that the active production of reactive oxygen species (ROS) in plants
controls several different physiological processes, such as pathogen defense, abiotic
and biotic stress response and systemic signaling. However, cells are provided with
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outstanding antioxidant defensive machineries to detoxify the detrimental effects of
ROS. These antioxidant defense mechanisms may be either nonenzymatic (e.g.,
carotenoids and flavonoids) or enzymatic (e.g., catalase glutathione peroxidase,
superoxide dismutase) (Gill and Tuteja 2010).

5.3.3 Behavior of Secondary Metabolites During Plant
Defense Mechanisms

5.3.3.1 Phenolic Compounds

Phenolic compounds are natural products which arise biogenetically from phenyl-
alanine and tyrosine during shikimate, phenylpropanoids, and flavonoids pathways
(Lattanzio et al. 2006). Tannins are a varied group of polyphenolics. Tannins may
defend plant by reducing the digestibility of plants consumed by herbivores by
binding with digestive enzymes, dietary proteins (Robbins et al. 1987). In 1970, it
was reported by Feeny that tannins act as a defense compound to the Oak moth
(Opheropthera brumata) larvae. He found that tannin level in the leaves increased
significantly prior to cessation of feeding by the larvae. This limitation was assumed
to be because of the reaction of tannins with digestive enzymes in the gut of the
larvae and the complexation of tannins with host proteins (Feeny 1970). High
tannin-containing ‘bird-resistant’ cultivars (sorghum plants) have also been recog-
nized, which were compared to cultivars with low tannin which were severely
damaged in field trials (Bennett and Wallsgrove 1994). Slugs are one of the major
pests which attack several economically essential crops. Deroceras reticulatum is
amongst the major slug pests of potato which leads to extensive crop damage. Some
potato cultivars were found considerably less attractive to slugs owing to high levels
of phenolics and polyphenoloxidase activities (Bennett and Wallsgrove 1994).
Plants with high level of phenolics are very less palatable to herbivores, and poly-
phenolics like tannins are considered common antifeedants (Fahey and Jung 1989).
More often, phenolics are noxious towards the fungal pathogens in vitro and are
accumulated near the infection sites which lead to lignin deposition, necrosis, and
resistance (Moran 1998). It was also reported that in sweet potato cultivars resistant
to Meloidogyne incognita (root-knot nematode), the concentrations of soluble and
wall-bound phenolics significantly increased after infection (Gapasin et al. 1988). It
is well known that Rhizobia species utilizes phenolic acids as a carbon source
(Irisarri et al. 1996). Plant phenolic compounds behave as potential candidates as
signaling molecules in the establishment of arbuscular mycorrhizal symbioses,
initiation of legume rhizobia symbioses, and can also act as a means in plant defense
processes. Flavonoids are multifarious of polyphenolic compounds, act as signaling
molecules in plant-microbe interactions. Flavonoids are released from different
zones of the leguminous plant roots (Mandal et al. 2010). Flavonoids (luteolin)
bind at the active transcriptional sites of Rhizobial nod genes that control root nodule
organogenesis. This induction of the rhizobial nod genes leads to the production of
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Nod (nodule-inducing) factors, lipochitooligosaccharides (LCOs), which are modi-
fied differently depending on the Rhizobium species (Schultze and Kondorosi 1998).
Many phenolics and alkaloids released from roots or seeds function primarily as
defense elements against soil-borne pathogens and root-feeding insects (Ndakidemi
and Dakora 2003). Rapid accumulation of phenolic acids, mostly cinnamic, tannic,
gallic and ferulic acids revealed the effectiveness of Rhizobia in inducing resistance
in rice plants against the nectrotrophic soil-borne fungus R. solani (Mishra et al.
2006). Gallic acids provide antimicrobial activity (Binutu and Cordell 2000).
Gallotannins are a derivative of gallic acid which get converted during accumulation
and provide defense to plants against bacteria and fungi (Singh et al. 2002).
Cinnamic and ferulic acids ascended from the shikimic acid pathway and are
reported to be antioxidant and antifungal, respectively (Madhavi et al. 1997).
Cinnamic acid serves as a precursor for the production of ferulic acid and is a key
product of the phenylpropanoid pathway, which plays a crucial role in providing
host resistance during pathogenic stress (Singh and Prithiviraj 1997).

5.3.3.2 Alkaloids

The majority of alkaloids are regarded as derivatives of certain amino acids, e.g.,
tryptophan, lysine, ornithine, phenylalanine, and tyrosine. Precursors of terpenoid
and steroid are incorporated into the carbon skeletons of alkaloids. Till now, around
3000 different phytoalkaloids are known, which occur dissolved as cations in plant
sap. They are mostly accumulated in the peripheral region of leaves, bark, or fruit,
which can be shed (Levinson 1976). Common alkaloids can be found in the
Liliaceae, the Leguminosae, the Amaryllidaceae, and the Solanaceae plant families
which can be important resistance factors against herbivorous pests (Petterson et al.
1991). Because of their general toxicity and deterrence capability, alkaloids are
believed to be key defensive elements against predators, especially mammals
(Hartmann 1991; Robinson 1980). Death of a large number of animals in USA is
reported due to the ingestion of plants containing alkaloids. A large number of
grazing livestock is infected by consumption of alkaloids-containing plants such as
lupines (Lupinus) and larkspur (Delphinium) (Keeler 1975).

5.4 Extraction and Isolation of Bioactive Compounds from
Plant Extracts

It is an ancient thought that plant extracts have great healing power, and these
phytocompounds have recently attracted interest because of their versatile applica-
tions (Barig et al. 2006). Plant species contain various metabolites. However, only
a small percentage of these phytochemicals have been investigated around the
globe (Hostettmann and Wolfender 1997). Use of chemical pesticides induces
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environmental hazards in agricultural systems. So, the use of phytocompounds as an
antimicrobial agent can be the best biorational alternative today (Tiwari et al. 2007).
As large number of plant species are available for future studies, it is vital to have
effective methods to evaluate the efficacy of plant origin antimicrobial agent and the
identification of biologically active principles involved in it (Tanaka et al. 2006).
Plants contain a number of metabolites which expose only a very narrow range of
their constituents. Thus, the potential of higher plants is still largely unexplored as
sources of new drugs (Hamburger and Hostettmann 1991). The selection of plant
species for screening for biologically active constituents is a crucial factor in the
investigation.

During searching for active phytocompounds, it is essential to verify the plant
varieties for the success of the study. Targeted grouping of plant material is based
on considering chemotaxonomic interaction and utilization of current ethnomedical
information. The use of different technologies has allowed rich isolation of various
fungicidal, larvicidal, and molluscicidal products (Hostettmann and Wolfender
1997).

Thousands of bioactive compounds from plants are found to be safe and have
less adverse effects due to their beneficial biological activity, e.g., antimicrobial,
antioxidant, and wound-healing activity. The leading steps to exploit the phyto-
chemicals from plant resources include extraction, isolation, screening, identifica-
tion, and characterization of bioactive compounds. Plant extracts contains
multicomponent mixtures of bioactive compounds with different polarities, which
still poses problems in identifying and characterizing phytochemicals and their
separation. Purification of phytochemicals most commonly includes member of
chromatographic techniques and other different purification methods to identify
phytochemicals (Sasidharan et al. 2011). To extract the desired phytochemical from
a plant, sample preparation is a crucial leading step in the analysis of plant or herbs
for further separation and characterization of those isolated bioactive compounds
(Huie 2002).

5.5 Metabolomics Tools and Their Application in Plants
and Plant-Host Interactions

Metabolomics is now a briskly developing technology. With the help of specialized
bioinformatics tools and data mining tools, metabolomics, like transcriptomics and
proteomics, generates a huge amount of data. Metabolomics tools can possibly lead
to identifying many of the compounds in plants undergoing stress (Shulaev et al.
2008). Current methodologies used in plant metabolomics comprise metabolic
fingerprinting, metabolite profiling, and targeted and nontargeted detection analysis
(Halket et al. 2004; Bajad and Shulaev 2007; Fiehn 2002); these are described
below.
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5.5.1 Metabolic Profiling and Fingerprinting

Research in metabolomics includes metabolite profiling and fingerprinting
approaches. ‘“Metabolic profiling” was coined during the 1970s (Horning and
Horning 1971), and it is used to identify and quantify metabolites associated with
their certain metabolic pathways or similarities in their compound classes. It involves
common chromatographic separation techniques like liquid chromatography coupled
with MS (LC-MS) or gas chromatography coupled with MS (GC-MS) to detect,
quantify, and, if at all possible, identify the metabolites in an extract. In metabolite
fingerprinting, metabolite profiles are obtained from simple cellular extracts or crude
samples through rapid and high-throughput methods. Metabolite fingerprinting
involves techniques like NMR (nuclear magnetic resonance spectroscopy) (Krishnan
et al. 2004), Raman spectroscopy, Fourier-transform infrared spectroscopy (FTIR)
(Johnson et al. 2003), MS (Goodacre et al. 2003), and electrospray ionization (ESI)-
MS to detect all the metabolites present in a sample irrespective of their identification
(Allwood et al. 2008).

Liquid chromatography mass spectrometry (LC-MS) is preferred for the analysis
of flavonoids, phenylpropanoids, and alkaloids. Using GC-MS, fatty acids were
found as the key component to provide resistance to gall midge rice varieties
(Agarrwal et al. 2014). By using liquid chromatography tandem mass spectrometry
(LC-MS/MS), the identification and quantification of more than 90 flavonoids were
reported. It also studies the occurrence of their biosynthesis in various rice tissues
during different developmental stages (Dong et al. 2014). As compared with the
common cultivars, it was found that tomatoes contain 70-fold higher flavonoids by
using LC/photodiode array detection along with liquid chromatography, quadrupole
time of flight mass spectrometer (LC-QTOF-MS), and direct infusion QTOF-MS
(Hall et al. 2002).

Capillary electrophoresis—mass spectrometry (CE-MS) as well as liquid
chromatography—mass spectrometry (LC-MS) offers a better alternative for nonvol-
atile compounds. Capillary electrophoresis—mass spectrometry (CE-MS) has now
come into view as a powerful tool for the analysis of charged molecules. CE-MS
provides separation of metabolites based on charge and size and then it is detected
using MS by observing over a large range of m/z values. CE-MS provides very high
resolution, and nearly any charged species can be able to infuse into MS (Soga et al.
2003). The application of LC-MS in metabolomics is gradually growing after its
recent acceptance of the ultra-performance liquid chromatography technology,
which helps it to increase the efficiency of separation and decreases the analysis
time of metabolites (Giri et al. 2007; Granger et al. 2007).

GC-MS is biased in contrast to nonvolatile high molecular weight metabolites
and is functional towards polar nonvolatile metabolites (e.g., organic acids, amino
acids, and sugars) that are volatile up to 250 °C through chemical derivatization
(Allwood et al. 2008). In 2000, Roessner et al. (2000) described two stages of
derivatization process for the analysis of plant extracts using GC-MS. Firstly,
O-alkylhydroxylamine transforms the carbonyl group of the sample to oximes for
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thermal stabilization and then it is treated with a silylating compound, e.g., N-
methyl-N-(trimethylsilyl) trifluoro-acetamide, which leads to the formation of vola-
tile trimethyl-silyl esters (Roessner et al. 2000). Electron impact (EI), facilitating
GC-MS ion formation, provides independent exclusion of the sample’s solvent
before vaporized sample being cleared into the ionization source which allows
steady electron flow and thus ionizes the vaporized molecule (Gross 2006). Detec-
tion of mass is conducted by QTOF-MS or ion-trap-based mass analyzers. A single
QTOF-mass analyzer requires an hour of chromatographic time to provide a stan-
dard separation of a complex metabolite (Dunn and Ellis 2005). Metabolites can be
identified by tandem MS (MS-MS) which is responsible for metabolite fragmenta-
tion through collision with an inert gas like argon and causes collision-induced
dissociation (Wysocki et al. 2005).

NMR (nuclear magnetic resonance) spectroscopy is a nondestructive technique
which requires least sample preparation, and is presently also considered high
throughput (hundreds of samples per day). NMR uses nuclei with odd mass or
atomic numbers, which behave like magnets and intercommunicate with an external
magnetic field by a method called nuclear spin (Kitayama and Hatada 2013). In
particular, "H NMR has been extensively used for metabolites profiling in clinical
samples (Holmes et al. 2000; Nicholson and Wilson 1989) and also has been
functional towards complex compounds exuded out from the roots of cereals (Fan
etal. 2001). Unlike GC-MS, which senses only volatilized compounds, '"H NMR can
instantaneously detect all compounds bearing proton in a sample. It covers mostly
organic compounds, such as ethers, amino acids, fatty acids, carbohydrates, amines,
and lipids esters, present in plant tissues. "H-NMR provide a nonbiased fingerprint in
contrast with other metabolomics approaches, and therefore NMR is now evolving
as one of the standard metabolic profiling platforms (Ward et al. 2003).

5.5.2 Targeted and Nontargeted Detection Analysis

Separation methods of numerous analytes from a particular sample have now been
established. However, for effective application of such methods, it needs detectors
which is accomplished of fast data-acquisition rates along with high specificity and
sensitivity. Two major means of MS-based metabolomics are targeted and
nontargeted detection analysis. Analytes in the targeted detection mode are
predetermined, having a definite mass filter allotted to a specific analyte (Bajad
and Shulaev 2007). Standard methods have been developed to identify specific
members of a compound class while ignoring others. For example, polyamines
thought to be involved in various important plant processes, e.g., drought stress,
and quantification of polyamines in different plant species in response to various
stimuli or environmental conditions has been developed (Bouchereau et al. 2000).
Targeted analysis also results in comparative metabolite profiling of a huge number
of identified metabolites. SRM (Selected reaction monitoring) provides high metic-
ulosity and has been successfully used to quantitate a number of analytes at the same
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time. For example, SRM can analyze more than 100 metabolites in a single chro-
matographic run, based on highly parallel targeted assays (Bajad and Shulaev 2007;
Bajad et al. 2006). Target analysis will continue to be the most wide-spread system
in different areas of biological research. However, in case of functional genomics
studies it has restricted use, because the levels of target analytes may be changed by
unexpected reasons which cannot be understood without comprehensive
approaches. Thus, a wider analysis of metabolic modifications is required to limit
overinterpretation of data (Fiehn 2001).

The problem with targeted detection is that it is not an actual beneficial approach
as it is not quite practical to assemble SRMs for all molecules of interest present in
the sample containing numerous analytes. Thus, it cannot detect analytes with no
SRMs. Also, it is difficult to predict the compositions of the sample. Therefore, in
such cases, nontargeted detection analysis is used to cover a broad array of analytes
and used to detect and find unknown or novel molecules (Hong et al. 2003; Tohge
et al. 2005).

In nontargeted detection analysis, to detect common molecules of specific molec-
ular mass range, scanning of mass spectrometer is done over a set m/z 100-1000 in
both positive and negative ionization modes. For comparative profiling, full-scan
mode acquired data along with low-resolution instruments are most commonly used.
Data obtained in full-scan mode along with automated MS to MS/MS switching
provide added information about the elemental composition and arrangement of
fragments of the analytes, as well as the unknown components by using an accurate
mass instrument (e.g., Fourier transform MS or qTOF). Obtained data are then
subjected to library (e.g., the NIST library) search to identify the unknown com-
pounds (Bobeldijk et al. 2001). Nontargeted analysis provides an unbiased detection
method of the chemical nature of the sample which results in a holistic approach to
detect and identify unexpected or unknown metabolites which can be important in
environmental and pharmaceutical analysis (Bajad and Shulaev 2007). There are
some examples of a nontargeted analysis in pharmaceutical and environmental
analysis. Ibanez et al., using SPE-LC/QTOF-MS along with data processing, iden-
tified six unknown compounds from environmental waters (Ibafiez et al. 2005). A
successful study of drug metabolites in pharmaceutical has also been outlined using
application of nontargeted analysis (Idborg et al. 2004).

5.5.3 Data Processing and Analysis

Regardless of any analytical technique used, data analysis forms an essential part.
The raw data must be preprocessed to transform them to a readable format. The
modified data can be subjected to data reduction to facilitate the use of only
appropriate input variables in the succeeding data analysis (Brown et al. 2005).
Before analyzing data from most analytical instruments statistically, consequential
preprocessing is required, and standardization of techniques is necessary. A lot of
researchers put emphasis on requirement of post-sampling techniques such as
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deconvolution, noise reduction, internal standards reference, alignment of profile,
and labeling of peak by using spectral libraries (Hall et al. 2002).

Large volumes of data produced from metabolome analysis are analyzed by the
instruments to detect small signals with high resolution. For this metabolome anal-
ysis, programmed software is required to detect peaks of raw NMR or MS data to
arrange the peaks in order amongst samples and to detect and measure the quantity of
each metabolite (Fukushima et al. 2009; Fernie and Schauer 2009; Go 2010).
Numerous statistical methods are used for metabolomics data. PCA (principal com-
ponent analysis) is a multivariate analysis usually used in the study of metabolomics.
PCA provides an outline of every sample or interpretation in a data and highlights the
variance between the complex metabolites in each sample (Catchpole et al. 2005;
Baker et al. 2006; Dixon 2003; Kim et al. 2006; Ku et al. 2009b). In addition to this,
other statistical analytical methods are used to analyze metabolomic datasets, which
are PLS-DA (partial least squares discriminant analysis) (Jonsson et al. 2004; Ku
et al. 2009a; Kusano et al. 2007), HCA (hierarchical cluster analysis) (Grata et al.
2007; Parveen et al. 2007), and BL-SOM (batch-learning self-organizing map anal-
ysis) (Hirai et al. 2004).

Bioinformatics is the key supporter to gather information and make sense of the
data. Currently, in the field of metabolomics, bioinformatics mainly focuses on the
metabolic pathway simulation and construction of models (Fiehn et al. 2001).
Schuster et al. (2000) tried to shed new light on the concept of identifying possible
metabolic pathway leading to a given element. Databases like the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) can serve as a model in providing information
on the combination of simulated pathway with pathway databases. KEGG provides
knowledge of systematic analysis of functions of gene based on the networks of
genes and molecules. It develops and provides several computational tools for
reforming biochemical pathways from a complete genomic sequence and predicting
the regulatory networks of gene from the profiles of gene expression. The KEGG
databases are updated on a daily basis and are available without restrictions (http://
www.genome.ad.jp/kegg/) (Ogata et al. 1999).

Data handling and analysis of metabolomics using “omic” technologies have been
improved dramatically in recent years. They help in the detection of specific metabo-
lites in a biological sample in a nonbiased and nontargeted way. Compared to omics
technology applied for the study of genomics, transcriptomics, and proteomics,
metabolomics has numerous theoretical advantages over the other omics approaches
(Horgan and Kenny 2011). The functional genomics databases include DOME (http://
medicago.vbi.vt.edu), MetNetDB (http:/www.metnetdb.org/MetNet_db.htm), data
model for plant metabolomics research ArMet (http://www.armet.org/) (Shulaev et al.
2008), and pathway databases and pathway viewers like KEGG (http://www.genome.
ad.jp/kegg/), KaPPA-View (http://kpv.kazusa.or.jp/kappa-view/) (Tokimatsu et al.
2005), MetaCyc (http://metacyc.org/) (Caspi et al. 2006), AraCyc (http://www.
Arabidopsis.org/tools/aracyc/) (Zhang et al. 2005), BioCyc (http://biocyc.org) (Paley
and Karp 2006), MapMan (http://gabi.rzpd.de/projects/MapMan/) (Thimm et al. 2004),
BioPathAT (http://www.ibc.wsu.edu/research/lange/public%5Ffolder/) (Lange and
Ghassemian 2005), and the Atomic Reconstruction of Metabolism database (http://
www.metabolome.jp/) (Yamazaki et al. 2004).
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Some of the selected open-access bioinformatics tools for multifarious LC-MS
data analysis applied to environmental and pharmaceutical analysis are BL-SOM
(http://prime.psc.riken.jp/?action=blsom_index) (Kanaya et al. 2001), MZmine
(http://mzmine.sourceforge.net/) (Katajamaa and Oresi¢ 2005), XCMS (http:/
metlin.scripps.edu/download/) (Smith 2013), MSFACTs (http://noble.org/) (Duran
et al. 2003), MeMo (http://dbkgroup.org/memo/) (Spasi¢ et al. 2006), and
MET-IDEA (http://noble.org/) (Broeckling et al. 2006).

LC-MS is broadly used in both proteomics and metabolomics. Integrated non-
target metabolomics (LC-MS/MS) and proteomics (2D gel electrophoresis) have
been applied in wheat genotype Nyubai. Gunnaiah et al. (2012) found that Fusarium
head blight resistance locus, Fhbl, provides resistance against the spread of
F. graminearum within the spikes. The involvement of FhbI in providing resistance
in wheat, in response to F. graminearum, is mainly recognized due to the triggering
of fatty acid, terpenoid, and phenylpropanoid metabolic pathways. This study used
NILs (near isogenic lines) which set a good example to demonstrate that
proteometabolomic studies are not delimited up to the genetics of a given QTL
(Gunnaiah et al. 2012).

Biotechnological approaches require genetic modification to govern the assembly
of specific metabolites in plants, to progress food quality, to increase their adaptation
against environmental stress, and to increase crop yield. Unluckily, these approaches
do not essentially lead to an estimated result because of the complex mechanisms
required for the plants metabolic regulation. Metabolites such as inositol, salicylic
acid, ethylene, and jasmonic acid have been linked to plant defense signaling
pathways against biotic stress (Kushalappa and Gunnaiah 2013). Many resistances
related (RR) metabolites which were identified based upon nontargeted analysis to
possess antimicrobial properties (Ahuja et al. 2012; Ballester et al. 2013) are
discussed in Table 5.1. Many bioinformatic tools are accessible for LC-MS data
processing for mass spectral output processing and compound annotation mentioned
in Table 5.2.

5.6 Conclusion and Future Aspects

Currently, plant—pathogen interactions exemplify the utmost biochemically complex
and thought-provoking scenarios being evaluated by metabolomics approaches.
For example, there is complication in identifying which metabolites are procured
from the plant and which metabolites are interacting from the pathogen side.
Phytocompounds are involved in resistance mechanisms of plant. Until now, there
is much information on the mechanism of resistance of plants against invading
pathogens, but very less is known about the pathogenicity of invading pathogens.
Toxins certainly play a role in the pathogenicity factor during plant—pathogen
interaction. Plant components which have a negative effect upon the growth and
development or survival of another organism can be considered as toxins. The way
plants store their toxins are often critical for their effectiveness. Some plant species
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Table 5.2 Open access databases for metabolite search and compound annotation
Database Features Weblink
PRIMe Provide web-based service for metabolomics and http://prime.psc.riken.
transcriptomics tools. ip/
It measures standard metabolites through GC/MS,
CE/MS, LC/MS, and multi-dimensional NMR
spectroscopy, unique tools for transcriptomics,
metabolomics, and integrated analysis of omics data
PlantCyc Plant metabolic pathway database for compounds, http://www.plantcyc.
enzymes, genes, and pathways intricated in primary org/
and secondary metabolism.
Tools for BLAST, user input pathway generation and
comparative analysis
Downloadable reference pathways for rice,
Arabidopsis, cassava corn, papaya, grape, poplar,
potato
METLIN Over 64,000 structures, tandem mass spectra of more | http://metlin.scripps.
than about 10,000 metabolites, external link to other edu/
databases, batch search
ReSpect Provides phytochemicals tandem mass spectral http://spectra.psc.
database riken.jp/
KNAPSACK | Database for metabolites-species relation, search http://kanaya.aist-nara.
options; organism name, organism taxonomic tree, ac.jp/KNApSAcK/
metabolite name, molecular weight, formula, batch
search
McGill-MD | Metabolites related to plant biotic stress resistance, in | http://metabolomics.
planta fragmentations using LC-LTQ-orbitrap and mcgill.ca
annotated with in silico fragmentation
ChEBI A database, dictionary, and ontology of manually http://www.ebi.ac.uk/
annotated small molecules chebi/init.do

Referred from Kushalappa and Gunnaiah (2013)

store toxins in resin ducts, laticifers (Dussourd and Hoyle 2000), or glandular
trichomes (Hallahan 2000) from where the toxins are released in huge amounts as
soon as these structures are broken by pathogens. For instance, hydrogen cyanide
released from cyanogenic glycosides inhibits cellular respiration (Jones et al. 2000),
saponins disrupt cellular membranes (Osbourn 1996), and cardenolides are specific
Na*/K*-ATPase inhibitors (Bramer et al. 2015). One substantial challenge for the
study of plant metabolomics is it lacks fully defined and interpreted metabolome for
any plant species. It is estimated that the plant kingdom produces around
90,000-200,000 diverse metabolites. Still, the definite number of metabolites pre-
sent in independent species of a plant is unknown (Fiehn et al. 2001). A reiterate
theme in all aspects of spheres of plant—pathogen interaction is the ability of each
participant to recognize and respond to cues generated by the other. Still, under-
standing of molecular recognition and response systems, receptors involved in plant
perception of pathogens in its infancy, and many other important questions remain
unanswered. In future, research focusing on the identification of effector molecules
from pathogens and their mechanism of action is likely to set a new stage in plant—
pathogen interaction.
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Chapter 6 )
Management of Root-Knot Nematode ekl
in Different Crops Using Microorganisms

Aastha Singh, Pankaj Sharma, Anju Kumari, Rakesh Kumar,
and D. V. Pathak

Abstract Root-knot nematodes are severe pests that affect a wide variety of crops.
These nematodes are controlled by various types of nematicides that have hazardous
effects on the environment. Hence, identification of new approaches alternate to
harmful chemical nematicides could be effective in controlling root knot nematodes.
Conventional control measures use soil fumigants, but they have certain limitations.
Being chemical in nature and cost-effective, they pose severe economic concerns.
Besides, they have a broad-spectrum range by harming nontarget species. This raised
a question regarding the biosafety of sustainable environment posed by hazardous
chemicals. Application of plant-derived products is an effective eco-friendly
approach to mitigate the infestations caused by nematodes in different crops.

6.1 Introduction

Root-knot nematodes are austere pests of various food and industrial crops and are
globally distributed. They are polyphagous and have short life cycle, which allows
them to multiply rapidly in numerous agroecosystems, ranging from vicious mono-
cultures to subsistence crops. Itis indeed an arduous task for the growers to avert crop
losses due to root-knot nematode problems, susceptibility of the current crop varieties
(Stirling 2006), and absence of control measures which are not economically effec-
tive. These nematodes are obligate plant parasites and invade live plants for their
growth, development, and reproduction. They cause an annual global loss of around
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US$100 billion in agriculture. The damage caused by root-knot nematodes is not
always apprehended because their ecological niche is present below the earth surface,
which makes their management task hellacious. The plant parts such as roots, bulbs,
and tubers present in the soil are usually attacked by plant parasitic nematodes, thus
playing a key role in the interruption of nutrients and water uptake. The impairment of
water and mineral transport pathways leads to the appearance of symptoms resem-
bling water or nutrition deficiency like small, chlorotic, and less vigorous plants (Oka
et al. 2000). The root tips are primarily invaded, and damage to plants is done by
degradation of the cell wall followed by migration toward the vascular cylinder and
formation of giant cells which are also known as “galls.” The development of root
galls siphons the nutrients and photosynthates of the plant. The root-knot nematode
affects both young and mature plants. The infection process can be fatal for the young
plants, whereas infected mature plants experience a considerable loss in the yield. The
damages caused by root-knot nematode are as follows: stunt growth, loss of crop
quality and yield, and a reduced resistance to several other stresses (e.g., drought,
other diseases) (Borah et al. 2018; Kepenekci et al. 2018). They cause rigorous
damage, resulting in significant yield losses in different crops like tomato, cotton,
rice, carrot, pepper, potato, eggplant, watermelon, cucumber, ashwagandha etc. Root-
knot nematode infection induces several biochemical changes such as alterations in
the levels of amino acids and organic acids and reduced chlorophyll content in the
plants (Saikia et al. 2013).

There are around 80 different infective species, but three (Meloidogyne arenaria,
M. incognita, and M. javanica) of them are of utmost agronomic importance because
they are the only ones responsible for at least 90% of the crop damage, which
contributes to 5% of the global crop loss. These species are highly polyphagous as
they infect more than 3000 plant species. Furthermore, their global distribution
makes them eminently successful plant parasites (Castagnone-Sereno 2002).

The conventional control measures of root-knot nematode include use of soil
fumigants. The use of these chemicals poses severe economic concerns due to their
high cost. Moreover, the use of these chemical nematicides hinders sustainable
environmental management by posing potential risks to nontarget microorganisms.
Thus, the dire threats posed by chemical control measures have raised the concern
for the development of nonchemical and eco-friendly management strategies for
controlling root-knot nematode (Huang et al. 2016). Therefore, nonchemical and
eco-friendly alternatives such as biological control are being sought.

6.2 Chemical Control of Root-Knot Nematodes

The chemical control of nematodes is mainly mediated by the use of soil fumigants.
Farmers mainly relied on a broad-spectrum soil fumigant like methyl bromide (MeBr)
against various soilborne diseases, weeds, and nematodes. However, the use of
methyl bromide was banned in 2005 and it was completely phased out. Thus, farmers
were left with only limited options against the root-knot nematodes. Pic-Clor
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60 [1,3-dichloropropene plus chloropicrin (40:60, w/w)] (Agrian, Inc., Fresno, CA)
was one of the main fumigants which was used as an alternative to methyl bromide for
growing tomato in Florida (Castillo et al. 2017). Some nonfumigant nematicides are
available also which are currently registered for use in a number of crops like
tomatoes, peppers, and eggplants. Such nematicides, except Vydate, are usually
applied on soil, which can also be applied foliarly. These compounds need to be
applied in a uniform manner to the soil, so that the future rooting zone of the plant can
be targeted, where the nematodes will come in contact, or they can be applied in the
areas where they can be easily absorbed and taken up into the plant (Noling 2016).

6.3 Root-Knot Management in Vegetables and Horticulture

6.3.1 Root-Knot Nematode Management in Tomato

Tomato (Lycopersicon esculentum) has got a unique place among the most popular
vegetables in the world. It suffers a great number of biotic stresses during its growth.
The root-knot nematode is liable for inducing the most scourging and widespread
stress among the many biotic stresses. These nematodes not only affect the crop
yield in a direct manner but also make the plant more susceptible to bacterial and
fungal attacks (Zhou et al. 2016). The management of root-knot nematodes in tomato
includes various strategies like crop rotation, use of resistant cultivars, and treatment
of soils with chemical nematicides. Plant’s resistance toward root-knot nematodes is
unstable and often results in decreased yields (Williamson and Robert 2009). They
cause a considerable loss in annual yield of vegetables, which may range from about
10 to 30% depending on the severity of infection (Radwan et al. 2012). There are
various control measures that can be employed for controlling root-knot nematodes,
including conventional methods such as chemical control in infested areas. Use of
such chemicals has potential adverse impacts on environment. Furthermore, their
prolonged use has also made them inefficient, resulting in a total ban or restricted
use, thus directing the acute need for safer and more effective alternatives (Zukerman
and Esnard 1994). Biological control appears to be one of the most promising
alternatives. The nematicidal activity of the biocontrol agents Bacillus megaterium,
Trichoderma album, Trichoderma harzianum, and Ascophyllum nodosum against
the root-knot nematode, Meloidogyne incognita, that infects tomato, was found to be
comparatively much superior than the control. There was a substantial decline in the
count of root galls which was observed much higher in case of oxamyl or carbofuran
(Radwan et al. 2012). Actinomycetes can secrete a variety of antimicrobial sub-
stances that can alter the microbial variety and population of the root zone. Strepto-
myces, an important group of actinomycetes, are mainly reported for the secretion of
insecticidal substances (Ruanpanun et al. 2010). Treatment of soil with actino-
mycetes strongly affects the culturable microorganisms present in the root zone of
the plants, root knots, and root systems, along with marked changes in the population
of nematodes. The disease index of plant is significantly reduced on treatment with
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Streptomyces. A decrease of 37% in disease index has been reported in tomato when
treated with Streptomyces sp. Furthermore, there was a sharp decline of 14% in the
number of nematodes feeding on bacteria present in the root zone. The fresh weight
of root and shoot also increased significantly. The culturable microflora of the root
knots is also altered in a significant manner. Moreover, the populations of nemati-
cidal bacteria as well as of plant growth-promoting rhizobacteria are greatly
enhanced, whereas the numbers of plant pathogenic bacteria are sharply declined.
The significant reduction in root-knot disease in tomato could be due the activation
of systemic resistance and defensive mechanism in plant against nematode infection
(Ma et al. 2017).

Arbuscular mycorrhiza is a highly infective species and greatly enhances the
growth of plants. They reduce pathogenicity in the root system and induce tolerance
in plants against disease. The preestablishment of arbuscular mycorrhizal fungi
significantly reduces the reproduction of Meloidogyne incognita, which in turn
reduces the disease severity in infected soil. The inoculation with AM can improves
the growth of plants and also protects the plants against soilborne pathogens.. It also
contributes toward increasing the nutrient uptake and also acts as a potential
biocontrol agent improving plant growth by direct or indirect mechanisms, thus
compensating the damages caused by root-knot nematodes (Sharma and Sharma
2017). The application of plant growth-promoting rhizobacteria (PGPR) belonging
to Pseudomonas spp. and Bacillus spp. is also helpful in the efficient management of
Root knot nematode (RKN) infestation in tomato. PGPR protects the plants by
inducing systemic resistance against the pathogens. A diverse array of microbes
having varied physiological requirements is advantageous than using a single bio-
control agent such as Piriformospora indica, an endophytic fungus, in combination
with two plant growth-promoting rhizobacteria (Bacillus pumilus and Pseudomonas
fluorescens) successfully suppress root-knot nematode infection (Varkey et al.
2018). Cyanobacteria (blue—green algae), a primitive group of organisms that
contains at least 40 toxicogenic species, can be used as biocontrol agents. The
endospores of the species of Microcoleus and Oscillatoria have been reported for
their ability to kill nematodes. They inhibited the hatching of second-stage juveniles
and also killed the hatched juveniles, and therefore, they can be used as potent
biocontrol agents (Khan et al. 2007).

6.3.2 Root-Knot Nematode Management in Carrot

Carrot is one of the important root crops. It is among the main ten vegetables grown
globally in subtropical and tropical areas. The roots of this plant find uses in a variety
of food items including pickle, salad, and juice. Its seeds are also a good source of
essential oils that are used for various purposes. Its roots are rich in a number of
vitamins like vitamin B6, vitamin K, and provitamin A. This food crop finds an area
of 1.59 million hectares under its cultivation across the world. It is grown in over
130 countries with an annual global production of 49.35 million tonnes. This crop is
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also cultivated in India under the area of 0.32 million hectares and the annual
production is 0.49 million tonnes, thus making India a major producer of carrot
(Nagachandrabose 2018). The major hurdle in the commercial cultivation of carrot is
the root-knot nematode that parasitizes plant roots. This results in severe qualitative
and quantitative loss of yield. The cultivation of carrot is provoked by six different
varieties of root-knot nematodes, namely, Meloidogyne incognita, Meloidogyne
hapla, Meloidogyne javanica, Meloidogyne chitwoodi, Meloidogyne fallax, and
Meloidogyne polycephannulata (Charchar et al. 2009). In India, carrots are mainly
affected by northern root-knot nematode, M. hapla, which is a sedentary endopara-
sitic nematode. Infection of nematodes followed by penetration of juveniles through
growing root tips leads to the formation of various giant cells containing multiple
nuclei in the vascular tissues. The activity of nematode further results in the formation
of galls, digitation, hairiness, and compression in taproots, thereby resulting in the
formation of defective and forked carrots. Low infestations usually deteriorate the
quality of carrots by disfigurement (forking), whereas high infestations lead to
the arrest of taproot formation. The root infection caused by M. hapla in carrots
results in an overall 24-55% quantitative loss and 13-77% qualitative loss
(Nagachandrabose 2018). Furthermore, the wounds created by the nematodes enable
the easy entry of different kinds of soilborne pathogens particularly Pectobacterium
carotovorum, the soft rot bacterium, and together these organisms result in the
formation of a disease complex resulting in enormous crop loss (Sowmya et al. 2012).

Crop damages caused by root-knot nematode infection can be controlled by using
biological control agents like fungus or bacteria that can antagonize the nematodes
effectively. The application of biocontrol agents for controlling nematodes is gaining
popularity among farmers. If the introduction of biocontrol agent leads to its
establishment with nematode populations, the invasion may last for a long time,
ranging from complete season to a period even greater than the required period
(Jacobs et al. 2003).

Liquid formulations of various biocontrol agents exhibit more efficiency than the
solid carriers such as talc- and peat-based formulations. These liquid formulations
are advantageous in a number of ways than the solid formulations: they increase the
viable cell count, reduce the risk of contamination, show more virulence, and have
high shelf life. Moreover, the cells in liquid formulations maintain their dormancy,
which become active again on application to the soil rhizosphere.

In a study by Nagachandrabose (2018), the field efficiency of liquid formulations
of Pseudomonas fluorescens, Trichoderma viride, and Purpureocillium lilacinum
was tested against the populations of nematode, Meloidogyne hapla. Seed treatment
with P. fluorescens caused a paramount decline in the populations by around 68%,
whereas treatment with P. lilacinum reduced the population by 64-67%. The treat-
ment of plant with P. fluorescens and P. lilacinum increased 36% height of the plants.
Furthermore, the plants were also reported to have comparatively higher leaf count
and improved leaf size than the untreated plants. The plants experienced 28-36%
increase in the number of leaves and 27-30% longer leaves were observed. Surpris-
ingly, treatment with P. fluorescens resulted in 20-21% higher yield of root tuber,
whereas treatment with P. lilacinum resulted in 19% higher yield.
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Bacillus subtilis is a widely used bacterium which has been commercialized as a
potent biocontrol agent against a number of diseases and infectious nematodes
parasitizing an extensive range of plants. In addition to its ability to form spores, it
possesses numerous characteristics which strongly enhance its survival in rhizo-
sphere. It exhibits various modes of action like competition, antibiosis, and induction
of systemic resistance, and it also exhibits various traits of plant growth promotion.
The success of any biocontrol agent strongly depends on its delivery mechanism into
the field.

B. subtilis produces different types of antimicrobial compounds like subtillin,
bacillin, bacitracin, bacillomycin, and subtenolin (Killani et al. 2011). In addition, it
is also reported to produce various volatile compounds such as 2-nonanone,
2-undecanone, benzene acetaldehyde, dimethyl disulfide, and decanal, which show
nematicidal activity; these compounds exert antagonistic activity toward the egg
hatching of root-knot nematode and its second-stage juveniles (Huang et al. 2010).
The seed treatment together with soil application of B. subtilis-enriched
vermicompost increased the yield of carrot to 28.8%, decreased the total nematode
population by 69.3%, and decreased the disease incidence by 70.2% (Rao et al.
2017). There are various natural enemies of nematodes, and fungus Pochonia
chlamydosporia is one among them. This fungus parasitizes the eggs and the
exposed females of the root-knot nematodes, so it can tremendously manage the
root-knot nematodes. Moreover, it produces a large amount of resistant structures
called chlamydospores, which allows its survival during adverse conditions. The
incorporation of Pochonia chlamydosporia into the soil increased the total weight of
taproots by approximately 55% in a study by Bontempo et al. (2014).

Aspergillus is another most effective biocontrol agent. They inhibit the hatching
of nematode eggs and also promote enzymatic degradation by disintegrating chitin
and vitelline layers of the nematode eggshell, which in turn leads to the disintegra-
tion of egg contents. The effect of this species is mainly exogenous. The
coinoculation of P. lilacinus with A. niger significantly reduces nematode multipli-
cation and also improves plant growth more compared to the inoculation of single
organism due to the combined mechanisms of action of both organisms (Nesha and
Siddiqui 2017).

6.3.3 Root-Knot Nematode Management in Chili

Chili (Capsicum annuum) is one of the important commercial crops grown world-
wide and is a rich source of proteins, vitamin, ascorbic acid, and other nutrients. It
belongs to the family Solanaceae and grows well in hot regions of the world. Several
crop losses caused by plant parasitic nematode have been reported in chili (Khan
et al. 2012). Chili crops infested with root-knot nematode Meloidogyne incognita
appears to be stunted in growth, produces less flowers, and gives less yield. Pseudo-
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monas fluorescens has proved its efficacy as a biocontrol agent for nematode
management; in addition, compared to pesticides, it has also provided a prolonged
resistance against nematode attack. The root-knot nematode infects the plant roots,
when it becomes second-stage juveniles, and establishes a feeding site within the
pericycles and vascular tissues of the plant cells and forms giant cells. Galls are
formed due to hyperplasia of root cells around giant cells. Root-knot nematode
destroys the root system, which creates competition for food and nutrition among the
developing nematodes within the root system. During infection, root-knot nematode
induces cell enlargement accompanied by nuclear division without cytokinesis. It
results in the formation of multinucleate giant cells which confer resistance to root-
knot nematode, characterized by hypersensitive reactions. The juveniles surrounded
by necrotic cells fail to develop and die, which prevent nematode penetration and
migration at early infection stages.

In a study of disease management in chili pepper infected with the root-knot
nematode Meloidogyne incognita, Moon et al. (2010) reported 39 chili pepper
cultivars/lines, out of which 6 were found to be resistant and 33 susceptible. The
resistant cultivars/lines showed enhanced resistance against gall formation as com-
pared to susceptible lines. These results revealed that disease resistance in chili
pepper may be related to post-inflectional defense mechanisms.

Nowadays, plant products and their derivatives are also gaining importance in the
management of plant parasitic nematodes and have increased the awareness of
environmental hazards associated with nematicidal chemicals. Several indigenous
plants and plants parts have been identified as promising sources of biopesticides.
Plant products such as terpenoid, triterpenoid, limonoid, flavanoid, azadirachtins,
meliantriol, salannin, nimbin, and nimbidin can be explored for their nematicidal
potential. The neem-based formulations used in dressing and seedling bare root dip
showed a significant decrease in the population of M. incognita and an increase in
the yield of green chili.

6.3.4 Root-Knot Nematode Management in Banana

Banana (Musa sp.) is one of the chief economic tropical fruit crops grown worldwide
and is rich in carbohydrates, proteins, minerals, and vitamins. It grows in a wide
variety of soils. A total of 132 species of nematodes belonging to 54 genera are
associated with rhizosphere of banana. Although crop yield is affected by a number of
crop pests, the productivity of banana orchards is highly limited due to root-knot
nematode infestation (Eissa et al. 2005). Infestation of plant roots by the pests results
in toppling, reduces plant longevity, increases crop cycle duration, and results in yield
losses. Meloidogyne spp. are the predominant nematode agents in bananas with an
occurrence of about 76% (Mokbel et al. 2006). The management of root-knot
nematodes by using hazardous chemicals is not a useful practice because these are
highly prone to the humans and the environment. Thus, alternative control strategies
such as biocontrol agents are needed. The biological, chemical, and physical
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properties of soil are also improved with the amendments of organic and biological
products. During the decomposition of these organic amendments, some volatile
compounds such as formic, propionic, and butyric acids and phenols are released,
which proved to be toxic to nematodes. Biocontrol agents such as Penicillium spp.,
Glomus fasciculatum, Bacillus subtilis, Trichoderma viride, and Paecilomyces
lilacinus also showed effective nematicidal activities against M. incognita (Esnard
et al. 1998). P. lilacinus-treated plants showed significant reduction in root galls
index and eggs per egg mass in soil but showed an increase in the number of leaves,
root length, shoot length, and height of plant. Recent studies have reported that alga is
also an effective biocontrol agent in treating plants affected by root-knot nematodes.
Few algae such as Ulva lactuca, Jania rubens, Sargassum vulgare, and Laurencia
obtusa can be successively used for controlling root-knot nematode and for promot-
ing plant growth.

El-Nagdi et al. (2015) studied the biological control of root-knot nematode and
Fusarium root rot fungus in banana by using two commercial biocontrol agent
products (CBAP)— Fornem x5® (contains Rhodotorula pustula, S. marcescens,
Serratia entomophila, P. putida, and P. fluorescens) and Micronema® (contains
Azotobacter sp., Pseudomonas sp., Bacillus thuringiensis, Serratia sp., and Bacillus
circulans)—compared to chemical nematicide Nemacur® against Meloidogyne
incognita and Fusarium root rot (Fusarium solani) fungus. Micronema® and Fornem
x5 significantly reduced the numbers of nematode parameters after 2, 4, and
6 months of treatment. The highest reduction of juveniles in stage three (J2), stage
two (J3), eggs and females in roots were achieved by application of Fornem x5®
followed by Micronema®™ at 30 ml/plant after 6 months. Results showed that the
treatments increased the frequency of Aspergillus spp. and Penicillium spp., while
they decreased the frequency of Fusarium spp., moderately inhibitory effect on
Fusarium root rot was obtained by CBAP. Yield parameters were increased with
Micronema® and Fornem x5® at 30 ml/plant as compared to Nemacur®™ and untreated
control.

6.4 Root-Knot Nematode Management in Agricultural
Crops

6.4.1 Root-Knot Nematode Management in Sugarcane

Sugarcane is a very popular sugar crop and is also a regenerative energy crop. The
soils which are not suitable for conventional agricultural crops are used for sugar-
cane plantation. This crop has occupied a significant area under cultivation in more
than 80 countries across the globe. The crop is mainly grown for fiber, crude sugar,
and bioethanol production (Chirchir et al. 2008). This crop is susceptible to a number
of threats including nematode diseases, which affect its production significantly and
also cause austere economic losses globally (Stirling et al. 2001). The susceptibility
of current varieties of sugarcane toward the attack of root-knot nematode makes it a
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very challenging problem for the farmers as the preclusion of crop losses resulting
from nematode infections appears to be a strenuous exercise (Stirling 2006) due to
the absence of control measures which are economically effective. The nematodes
are responsible for approximately 20% reduction in the production. In addition to the
presence of nematodes also poses a threat to the cultivation of new crops thus
making the process of growing new crops an uneconomical operation in infested
areas (Morgado et al. 2015).

The yields of sugarcane affected with nematodes are significantly increased when
treated with functional biofertilizers as compared to chemical fertilizers. There is a
significant decrease in the population of plant parasites along with an increase in the
number of beneficial nematodes. The yield of sugarcane is increased by compara-
tively high number of bacterivore and a reduced population of plant parasites (Zhang
et al. 2017).

The introduction of spore-forming bacterium B. subtilis in the soils has been
reported to cause a reduction in the number of plant parasitic nematodes. Further-
more, its ability to form spores ensures its survival over long periods. Moreover,
suppression of nematodes by treating with B. subtilis is found to be equivalent to the
use of conventional chemical control measures (Morgado et al. 2015).

When alternative methods of nematode control are taken into consideration,
Pasteuria penetrans also proves to be an effective biocontrol agent that is com-
mendable for investigation. Its host specificity toward the root-knot nematode can
be explored for a significant reduction in the populations of root-knot nematode.
The elevated number of endospores can even lead to the elimination of 99% of the
nematode population (Bhuiyan et al. 2018). The rigorousness of root galls and the
amount of nematode eggs can be knocked down by amplifying the concentration of
endospores. Thus, the perpetual sustentation of altitudinous concentration of endo-
spores in the vicinity of roots can strikingly reduce the infections induced by root-
knot nematode, a dire pest of sugarcane.

An integrated use of nematophagous fungi along with the application of
arbuscular mycorrhizal fungi also proves to be an effective biocontrol measure.
Arbuscular mycorrhizal fungi like Glomus mosseae and Glomus fasciculatum have
the potential to act as effective biocontrol agents when used with nematophagous
fungi like Arthrobotrys oligospora, Pochonia chlamydosporia, and Paecilomyces
lilacinus. A maximum reduction of 47% in the population of M. javanica has been
reported with the integrated use of G. fasciculatum and P. lilacinus. This combina-
tion proved to be very effective in increasing the shoot weight of the plant
(Sankaranarayanan and Hari 2013). The plant parasitic root-knot nematode can
also be controlled by amendments of organic matter in the soil. The organic
amendments of filter mud and sugarcane bagasse can significantly lower the num-
bers of parasitic nematodes (Chirchir et al. 2008).
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6.4.2 Root-Knot Nematode Management in Rice

Rice is the most important staple crop consumed globally, which finds an area of
162 mha under annual cultivation with an overall global production of 464 mmt
annually. Rice crop is very much susceptible to the attack of root-knot nematodes
and is infected by Meloidogyne triticoryzae, M. arenaria, M. incognita,
M. graminicola, M. oryzae, and M. javanica. The primary pest that attacks rice is
M. graminicola, which poses an extensive threat to the cultivation of rice particularly
in Southeast Asia where around 90% of the global rice is cultivated as well as
consumed (Khan et al. 2014). Rice undergoes attack by nematodes in nursery as well
as in the main field, which results in considerable loss of crop yield. This nematode
causes an annual yield loss of around 16-32% in upland and rainfed rice in India
(Haque et al. 2018). The chemical control of root-knot nematode proves to be much
effective, and organophosphates are the widely used pesticides for nematode control.
Although chemical treatment is very effective, the persistence of saturated condi-
tions in rice fields due to irrigation leads to the percolation of pesticides from the root
zones, which further results in the persistence of root-knot nematode (Khan et al.
2014). The use of biocontrol agents proves to be the best alternative for root-knot
nematode management in rice.

There are a number of biocontrol agents such as Pseudomonas putida,
Trichoderma harzianum, P. fluorescens, Purpureocillium lilacinum, and Bacillus
subtilis, which provide better and effective control of root-knot disease. P. putida is
found to be much effective than P. fluorescens and P. lilacinum, and T. harzianum
effectively suppresses the nematode as an endophyte (Haque et al. 2018). Biological
control employing different endophytic microorganisms is found to be highly
effective in mitigating endoparasites which complete their life cycle inside the
host. Various endophytes are capable of targeting various life stages of the parasitic
nematodes by delaying development, reducing penetration, and diminishing repro-
ductive capacity. Bacillus megaterium, a bacterial endophyte, is capable of reducing
the attraction and penetration of rice roots by M. graminicola and also of diminishing
the rate of hatching of nematode eggs. The inoculation of rice roots with Fusarium
isolates and Trichoderma species has been found to decrease the severity of infec-
tion. These fungal isolates have also been found to decrease the severity of root
galling by 29-42% and increase root weight by 33% (Le et al. 2009).

There are various biocontrol agents which have been reported to control the
infections of plant parasitic nematodes. Chitinolytic microorganisms—for instance,
the plant-growth-promoting rhizobacterium, Pseudomonas fluorescens, and the egg
parasitic fungus, Paecilomyces lilacinus—seem to be the ideal agents for controlling
rice nematodes due to their enhanced survival under clay soils which are meant for
cultivation of irrigated rice. The talc-based formulations of Paecilomyces lilacinus
and Pseudomonas fluorescens have been reported to produce comparable results
with nematicide carbofuran application (Seenivasan 2011).

Dactylaria brochopaga is also supposed to be an effective biocontrol agent of root-
knot nematode. In a study by Kumar and Singh (2008), it was observed that the
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application of D. brochopaga at 1% significantly reduced the parasitic nematode
population and number of galls. The application of spore suspension of
D. brochopaga also significantly controlled the disease along with significant upsurge
in shoot and root weight.

6.4.3 Root-Knot Nematode Management in Chickpea

Chickpea (Cicer arietinum L.), a pulse crop, is a chief source of vitamins, minerals,
and nutritional protein. It is widely used as a source of protein. Parasitic nematodes
cause a great loss to chickpea, estimated to 13.7% loss in its production globally with
an approximate total of 7620 hg/ha yield. It is more prone to be attacked by numerous
ectoparasitic and endoparasitic nematodes like M. javanica, Helicotylenchus spp.
(Ali and Sharma 2002), Heterodera swarupi, Meloidogyne incognita, and
Pratylenchus thornei; therefore, management of chickpea is very complex. A few
reports in India stated that root-knot nematodes reduce the yield of chickpea from
17 to 60% depending on the soil types and nematode inoculum density, and this has
been reported in many states of India (Khan and Siddiqui 2005). Meloidogyne sp. is
one of the most common root-knot nematodes in both tropical and subtropical regions
where it has highly reduced the crop production and caused extensive economic loss
globally (Sikora and Fernandez 2005).

Nematode alters plants metabolic processes such as nitrogen fixation and nodule
formation, which ultimately affect the total yield of plant. To combat this problem,
nematicides are currently being used to control nematode population. But this is not
an effective practice; as nematicides are toxic, they may accumulate in plant, which
may cause environmental pollution and there is reduction in amount stratosphere
layer (Wheeler et al. 1979). Therefore, a substitute for nematode management is
urgently required. Substances that occur naturally may also possess nematicidal
activity. Yadav et al. (2006) reported that oil cakes are an important organic substitute
in the management of root-knot nematodes that affect the yield of chickpea.

Rehman et al. (2012) studied the effect of M. incognita, a root-knot nematode, in
reducing the yield of chickpea. They observed that application of chickpea with high
concentration of M. azedarach leaf extracts showed reduction of M. incognita infec-
tion as compared to other doses. Chickpea plants were inoculated with second-stage
juveniles of M. incognita, and a highest reduction in plant growth was observed with a
reduction in root and shoot length (cm), total chlorophyll content, nitrate reductase
activity, fresh weight (g), dry weight (g), and flower number per pods as root-knot
index increased. A significant reduction in infection was observed in chickpea plants
(control) inoculated with lesser concentration of leaf extract of M. azedarach. This
study supports the use of organic substitutes in the control management of nematodes
as an effective approach to manage environmental pollution. This study was
supported by Mojumder and Mittal (2000); the results showed that chickpea
transplanted with neem seedlings showed significant reduction in M. incognita infec-
tion. Therefore, these studies provide evidence that the infestation of Meloidogyne
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spp. may be reduced by the use of organic compounds obtained from plant in view of
eco-friendly environment to avoid expensive and hazardous chemical nematicides for
eco-friendly environment.

6.5 Conclusion

Root-knot nematodes are serious threat to global food industries and other industrial
sectors. They cause reduction in crop yield due to the formation of galls that siphon
the photosynthetic machinery of plants. Application of soil fumigants as a control
measure of root-knot nematode poses severe economic concerns and also raises a
question on the sustainable management of agroecosystems. To cope with this, best
alternatives such as organic substitutes of microbial origin possessing nematicidal
activity are to be opted for root-knot nematode management.
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Chapter 7

Plant Growth-Promoting Bacterial Life s
at High Salt Concentrations: Genetic
Variability

Ritika Kapoor and S. S. Kanwar

Abstract Abiotic stresses are emerging environmental factors limiting agricultural
productivity around the world. Among these stresses, salt stress is a serious threat
affecting crop production especially in arid and semiarid regions of the world.
Development of strategies to ameliorate deleterious effects of salt stress on plants
has received considerable attention. In this scenario, the use of salt-tolerant plant
growth-promoting microorganisms to enhance salinity resilience in crops is encour-
aged due to their vital interactions with crop plants. Bacteria are widely used to
diminish deleterious impacts of high salinity on crop plants because they possess
various direct and indirect plant growth-promoting characteristics. This chapter
focuses on the effect of salt stress on plants, plant growth-promoting bacterial
survival in saline conditions, and their mechanisms to mitigate salt stress at genetic
level.

7.1 Introduction

Salinity is one of the major abiotic stresses which negatively affects crop growth and
yields and puts down crop production. The presence of high sodium chloride
concentration has been reported to cause reduction in microbial flora in the soil
(Ibekwe et al. 2010). Most of the world’s plateaus confined to the tropics and
Mediterranean regions have potential salinity problems (Cordovilla et al. 1994). It
is accounted for the presence of naturally high salt levels, salt accumulation during
irrigation, or the application of chemical fertilizers. High salinity owing to its toxic
effects inhibits the growth of plants by affecting cellular growth and entry of ions
across the root system by slowing down the water uptake of plants. Sodium chloride
is the most disparaging salt that affects the growth of plants. Saline habitats are
frequently inhabited by an abundance of microbial communities adapted to these
ecosystems (Zahran et al. 1992). Halophilic bacteria which flourish in hypersaline
habitats may retain their potential to express various types of plant growth-
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promoting activities such as phosphate solubilization, nitrogen fixation, or phyto-
hormone production. These PGPRs offer promise as potential biofertilizers for
improvement of plant growth under stress conditions by reducing the impact of
salinity on plant growth and its productivity. Salt-tolerant bacterial species of
Bacillus, Pseudomonas, Azotobacter, and Enterobacter have been isolated from
salt-affected soil and were found to be efficient plant growth promoters
(Gopalkrishnan et al. 2012; Allam et al. 2018; Nakbanpote et al. 2014; Kapoor
etal. 2017). It is well drafted that indigenous strains have better potential to multiply
under stress conditions as compared to the exotic strains. These facts are important
while selecting the microbial inoculants for a specific environment. This chapter
emphasizes on the assessment of plant growth-promoting rhizobacteria (PGPR)
approaches for the alleviation of salinity stress with a brief overview of adaptation
mechanism and genetic variability of salt-tolerant strains facilitating them to grow in
saline environments.

7.2 Diversity of Salt-Tolerant Bacteria

Salinity affects the structure and species composition of the rhizospheric communi-
ties. Saline environments harbor taxonomically diverse bacterial groups such as
Enterobacter, Pseudomonas, Vibrio, and a few Gram-positive bacterial species,
e.g., Bacillus, Micrococcus, and Salinicoccus, which exhibit modified physiological
and structural characteristics under the prevailing saline conditions (DasSarma and
DasSarma 2012). Salt-tolerant bacteria have been isolated from different sources
such as salt lakes (Hedi et al. 2009), river water (Tiquia et al. 2007), rhizosphere
(Hasnain and Taskeen 1989), root nodules (Gal and Choi 2003), and soil samples
(Takashina et al. 1994). Gram-negative bacteria including nodulating bacteria have
been reported to colonize the saline soil (Zahran et al. 1992). Nodulating bacteria
such as Rhizobium have been reported in association with the salt marsh grass
(Whiting et al. 1986). Among free-living bacteria, those belonging to genus
Azospirillum, Bacillus, Enterobacter, and Azotobacter play a crucial role in different
stressed conditions (Sahoo et al. 2014). In fact, inoculation with Azotobacter has
been found to exert several beneficial effects on plant yields as possess various plant
growth promoting traits and also found to produce exopolysaccharides under saline
conditions (De la Vega et al. 1991; Mrkovacki et al. 1996). Consequently, it has been
implicit that isolating bacteria with PGP traits from naturally saline environments
would give indigenous isolates to improve the effect of salt stress on plants.
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7.3 Plant Growth-Promoting Activities of Salt-Tolerant
Bacteria

7.3.1 Nitrogen Fixation Under Salt Stress

Nitrogen is the essential macronutrient required for plant growth. Bacteria inhabiting
under saline conditions alter some of their activities and pathways to adapt them-
selves. One of the sensitive activities is the nitrogenase activity, which is affected by
extreme saline conditions. Nitrogen fixation was found to be decreased in saline soils
as salt stress adversely affects the nitrogenase enzyme activity (Gao et al. 2014). The
extent of effects of salinity on denitrification process is dependent on the type of
nitrogen compound present in the soil (ElI-Shinnawi et al. 1982). These stressed
conditions disrupt the nitrogen cycle and lead to the disappearance of nitrate (NO* ™)
from saline soil through denitrification process, resulting in alteration of enzymatic
processes (Azhar et al. 1989). Biological nitrogen fixation (BNF) involves the
enzymatic reduction of nitrogen to ammonia (NH3), which acts as the precursor
molecule for the biosynthesis of amino acids and other nitrogen-containing bio-
molecules. Islam et al. (2010) studied the free-living culturable diazotrophic bacteria
of paddy soils under salt stress conditions and found that 32 bacteria were positive
for acetylene reduction assay (ARA) and the values ranged from 1.8 to 2844.7 nmol
ethylene h™' mg™' protein. The study carried out by Chowdhury et al. (2007) on
diazotrophic bacterial isolates showed that the predominance of Gram-negative
bacteria from the surface-sterilized roots of Lasiurus scindicus were capable of
fixing nitrogen. Nitrogen-fixing Bacillus strains were also obtained from saline
lands of Egypt; these strains reduced acetylene in pure culture at 5% NaCl (Zahran
et al. 1992).

7.3.2 Phosphate Solubilization

Phosphorus is one of the key nutrients for plants, but a major portion of it is available
in insoluble form. Microorganisms play a vital role in solubilizing phosphorous and in
increasing the availability of phosphorous to plants. Phosphate-solubilizing microor-
ganisms belonging to genera Klebsiella, Erwinia, Rhizobium, Achromobacter,
Aerobacter, Enterobacter, Pseudomonas, Micrococcus, and Bacillus have been
reported earlier. However, strains belonging to Pseudomonads and Bacillus are
deliberated as the most proficient phosphate solubilizers (Villegas and Fortin 2002),
whereas fungal species such as Aspergillus, Penicillium, and Curvularia and yeast are
widely reported to solubilize various forms of inorganic phosphates (Das et al. 2013).

Several researchers have isolated phosphate-solubilizing microorganisms from var-
ious niches of saline soils (Sharan et al. 2008; Park et al. 2010; Srinivasan et al. 2012).
A salt-tolerant, nitrogen-fixing, and phosphate-solubilizing species Swaminathania
salitolerans has been isolated from the rhizosphere, roots, and stems of salt-tolerant
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mangrove associated with wild rice (Loganathan and Nair 2004). In another study,
phosphate-solubilizing bacteria Alteromonas sp. and Pseudomonas aeruginosa have
been isolated from salt-affected soils. These isolates were found to solubilize phosphate
under saline conditions, i.e., up to 2M NaCl concentration (Srinivasan et al. 2012).
Rosado et al. (1998) and Nautiyal (1999) observed increased phosphate-solubilizing
activity of bacteria in the presence of 10% NaCl, but the solubilizing activity decreased
with increase in NaCl concentration.

7.3.3 Siderophore Production

Iron is the fourth abundant and essential growth element for all living organisms and
perhaps the most important micronutrient used by bacteria for their metabolism. To
confiscate and solubilize ferric iron, many microorganisms utilize low-molecular-
weight (<1000 Da) compounds with high iron affinity known as “siderophores.”
Siderophores are produced by rhizospheric bacteria to enhance the growth and
development of plants by increasing the availability of iron. Siderophore-producing
microorganisms prevailing in the rhizosphere suggest that plants would all become
iron deficient in the absence of iron-chelating siderophores (Kloepper et al. 1980).
Nine halophilic archaea were isolated from marine salterns for siderophore produc-
tion (Dave and Desai 2006). Ramadoss et al. (2013) found that Bacillus
halodenitrificans and Halobacillus sp. isolated from saline habitats exhibited
siderophore-producing activity.

7.3.4 Indole Acetic Acid (IAA) Production

Some PGPR strains enhance plants’ growth and development by modulating the
concentration of known phytohormones. Among plant hormones, auxins and ethyl-
ene play an essential role in root system development and crop yield. Indole-3-acetic
acid (IAA) is the common natural auxin that extensively affects plant physiology.
Diverse microbial groups are capable of producing physiological active auxins,
which exert pronounced effects on plant growth and its establishment. In order to
produce auxin, bacteria use tryptophan as a precursor molecule and convert it into
IAA (Etesami et al. 2009). In plants, saline stress often affects the production of IAA
and makes them imbalance. Thus, it is important to study I[AA-producing
rhizobacteria in saline conditions which could facilitate plant growth under salt
stress. It has been reported that pre-sowing seeds with phytohormones alleviated
the growth-restricted effect of salt stress (Ramadoss et al. 2013). Zahir et al. (2010)
isolated IA A-producing halophilic Rhizobium phaseoli strains from the mung bean
nodules and evaluated their growth parameters in the presence and absence of
tryptophan under salt stress conditions. Growth promotion effects were observed,
and this might be due to higher auxin production and mineral uptake in rhizosphere,
which reduced the adverse effect of salinity.
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7.3.5 Lytic Enzyme Production

Lytic enzyme production is one of the indirect approaches for plant growth promo-
tion. A wide array of organisms have been obtained from harsh environments that
produce many active and stable enzymes including proteases (Durham et al. 1987),
amylases (Horikoshi 1971), lipases (Watanable et al. 1977), etc. Lytic enzymes
produced by biocontrol organisms mediate defense against the pathogens and
improve plant growth (Vivekananthan et al. 2004). Enzymes that are stable and
active at extreme saline conditions are very much in demand for various industrial
processes. Shaheen et al. (2008) reported the protease enzyme production by Bacil-
lus subtilis at different concentrations of salt (0—6% NaCl). Sivaprakasam et al.
(2011) obtained salt-tolerant alkaline protease from P. aeroginosa that was capable
of enzymatic degradation.

7.4 Mechanism of Salt Tolerance

Salt stress reduces microbial population in the rhizosphere. Microbes that inhabit
hypersaline environments experience intense osmotic pressure and thus use “com-
patible solute strategy” or the “salt-in strategy” to resist salt stress (Etesami and
Beattie 2017). Bacteria accumulate compatible solutes and other amino acids under
saline conditions (Brown 1976). Some salt-tolerant bacteria can use salt in strategy
mechanism and accumulate electrolytes, e.g., K* glutamate. Furthermore, enzymes,
ribosomes, and transport proteins of these bacteria require high level of potassium
for stability and activity. Organic solutes increase the intracellular osmotic strength
and stabilize the cellular macromolecules (Lippert and Galinski 1992).

Specific genetic induction is required to accumulate compatible organic solutes in
salt-tolerant bacteria (Plemenitas et al. 2014). Intracellular proline was found to
increase rapidly in Bacillus in response to osmotic stress by NaCl, and the
corresponding genes were detected as proB, proA, and proC encoding y-glutamyl
kinase (y-GK), y-glutamyl-phosphate reductase (y-GPR), and pyrroline-5-carboxyl-
ate (P5C) reductase, respectively (Chen et al. 2007). Various genes encoding
L-aspartokinase (Ask), L-2.4-diaminobutyric acid transaminase (EctB), L-2,4-
diaminobutyric acid acetyltransferase (EctA), and L-ectoine synthase (EctC) have
been located and found to be involved in the biosynthesis of ectoine in Halobacillus
dabanensis (Nada et al. 2011). Four genes, viz., betl, betC, betB, and beta, were
found to be essential for oxidation of choline or choline-O-sulfate to glycine betaine
organized in one operon (Sevin and Sauer 2014). Other antiporter genes that have
been reported in salt-tolerant bacteria are also essential for maintaining the balance
of Na* and K" ions in the cell in order to attain an osmotic equilibrium. This
mechanism is accompanied by certain physiological modifications which are
required to protect all the metabolic and regulatory functions at high salinity
(Eisenberg and Wachtel 1987). Na*/H" antiporters are membrane proteins involved
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in pH and Na™ homeostasis in cells that exchange Na * for H" (Inaba et al. 2001). The
genes that are proved to be involved in halotolerance in bacteria either through
knockout studies or through overexpression studies are given in Table 7.1.

7.4.1 Genetic Variations Based on Nha

Sodium hydrogen antiporters transport Na* or Li* in exchange for H* across the
cytoplasmic membrane of cell (Alkoby et al. 2014) and maintain intracellular pH
homeostasis, detoxification of cells from Na* ions, regulation of cell volume, and
establishment of an electrochemical potential of Na* ions (Padan 2014). Various
Na*/H" antiporters such as nhaA, nhaB, nhaC, nhaD, nhaP, chaA, tetA(L), and napA
have been identified in Gram-positive and Gram-negative bacteria (Padan et al.
2001; Majernik et al. 2001). NhaA gene responsible for salt tolerance in

Table 7.1 Genes conferring salt-tolerance response in selected bacteria

Strains Genes Product Source
Pseudomonas | nhaP Na*/H* antiporter | Inaba et al. (2001)
aeruginosa
Sinorhizobium | relA (p)ppGpp synthe- | Wei et al. (2004)
meliloti bet genes tase Pocard et al. (1997)
betS gene Glycine Betaine/ Nogales et al. (2002)
greA proline
Kup Betaine transporter
Transcription
cleavage factor
Potassium uptake
protein
Rhizobium ntrY, ndvA and ndvB Histidine kinase Miller and Wood (1996)
tropici (synthetic gene) Na*/H* antiporter
nhaA, nhaB, nhaC
Azotobacter ggpPS Glucosyl glycerol | Klahn et al. (2009)
vinelandii biosynthesis
Enterobacter nhaA Na™/H" antiporter | Kapoor et al. (2017)
ludwigii
Synechocystis nhaS1, nhaS2, Na*/H" antiporter | http://www.ncbi.nlm.nih.gov/
nhaS3, nhaS4, and nuccore/NC_016514
nhaS5
Aphanothece napA Na*/H* antiporter | Inaba et al. (2001)
halophytica
Bacillus proA, proB, proC y-Glutamyl kinase | Chen et al. (2007)
subtilis
Enterobacter nhaA Na*/H* antiporter | Kapoor (2014)
cloacae
Bacillus nhaA Na*/H" antiporter | Kapoor (2014)
aquimaris
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Enterobacter sp. has been reported previously (Kapoor et al. 2017). The primary
structure of all the abovementioned genes exhibits very weak or no significant
homology. This indicates that different transport systems coupling H" and Na*
circulation have developed during evolution. Several genes encoding Na*/
H'*antiporters from different microorganisms have been shown variability by
replacing nhaA of Escherichia coli e.g., nhaA of Vibrio alginolyticus (Nakamura
et al. 1994), Vibrio parahaemolyticus (Kuroda et al. 1994), Bacillus aquimaris and
Enterobacter cloacae (Kapoor 2014), Enterobacter ludwigii (Kapoor et al. 2017), as
well as nhaB of V. parahaemolyticus (Nozaki et al. 1996), nhaD of
V. parahaemolyticus (Nozaki et al. 1998), nhaP of Pseudomonas aeruginosa
(Utsugi et al. 1998), nhaC of Bacillus pseudofirmus OF4 (Ivey et al. 1993), napA
of Enterococcus hirae (Strausak et al. 1993), and mnh of Staphylococcus aureus
(Hiramatsu et al. 1998).

Amino acid residues Asp-133, Asp-163, and Asp-164 (Inoue et al. 1995) and
His-225 were proposed to be involved in pH sensitivity in E. coli for binding of
sodium ions (Gerchman et al. 1993). Furthermore, amino acid residues Gly-14,
Gly-166, Phe-267, Leu-302, Gly-303, Cys-335, Ser-342, and Ser-369 located in
the cell membrane were identified by Nuomi et al. (1997) and found to be essential
for the activity of nhaA in E. coli. In general, 111 amino acid residues were found to
be fully conserved in the nhaA gene products from different bacteria (Inoue et al.
1995; Vimont and Berche 2000). Our previous study showed that specific insertions/
deletions caused major variations of amino acids in salt-tolerant strains (Kapoor et al.
2017). However, these types of alleles mined the rare mutation among the salt- and
non-salt-tolerant strains, and little information is available on allele mining of genes
responsible for salt tolerance.

7.5 Conclusions

The salt tolerance mechanism of plants modulated by rhizosphere bacteria opens up
new prospects to understand plant-microbe interaction. PGPR strains have been
conventionally used as biofertilizers to augment the growth and yield of different
crops under salt stress conditions. The variability in salt tolerance behavior of
bacteria can be explored by targeting the genes involved in salt tolerance mecha-
nism. Genetic and genomic studies used to determine allele mining in gene
sequences among salt- and non-salt-tolerant strains are yet to be explored. Gene
silencing approach can be used to study the precise function of specific gene in salt-
tolerant strains.
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Chapter 8 )
Rhizosphere: A Home for Human s
Pathogens

Richa Sharma, V. S. Bisaria, and Shilpi Sharma

Abstract Rhizosphere is the zone where the microbe-mediated processes are
influenced by root exudates. Owing to its high nutrient content due to root exudates,
and ability to provide a safe home, it acts as a natural reservoir to not only beneficial
bacteria but also to those which can be potential threat for humans, and hence acts as
a ‘microbial hot spot’. There has been an increase in incidences of human infections
by opportunistic human pathogens residing in the rhizosphere. Many bacterial
species are known to have dual interactions with both plants and humans. These
bacterial species share similar colonization mechanisms for the rhizosphere and
human organs. Other phenomena of common occurrence in rhizosphere are the
higher rate of horizontal gene transfer, enhanced competition, and presence of
various antibiotics resulting in greater level of natural resistances. The present
chapter highlights the prevalence and concern of human pathogens residing in the
rhizosphere.

8.1 Introduction

Rhizosphere (term coined by Hiltner) is the area surrounding the roots of a plant
where processes mediated by microorganisms are influenced by the root system.
Root exudates result in high nutrient content in the rhizosphere, providing a hot spot
for different types of microorganisms, like bacteria, archaea, fungi, viruses, nema-
todes, protozoa, algae, and arthropods (Lynch 1990; Meeting 1992; Sgrensen 1997,
Bonkowski et al. 2009; Raaijmakers et al. 2009) which are much higher than the
plant cells in terms of cell density (Mendes et al. 2013). Rhizosphere consists of the
most structurally and functionally diverse niches owing to these rhizodeposits and
microbial interactions (Hinsinger and Marschner 2006; Pierret et al. 2007;
Raaijmakers et al. 2009; Hinsinger et al. 2009) and, hence, provides a platform for
extensive scientific research. Several factors, viz. physical and chemical, alter the
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structural and functional diversity of the resident microbial communities in soil.
Whether root exudates actively participate in recruiting a specific microbial popula-
tion (Cook et al. 1995; Berg 2009) or they are passively released because of the
overflow of the plant products (Jones et al. 2009; Hartmann et al. 2009; Dennis et al.
2010) still needs to be addressed. As the rhizosphere is one of the most diverse
microecosystems, harbouring a variety of species, it provides a home for the
microbes beneficial for plants too. These microorganisms can be broadly classified
as biocontrol agents (to combat the plant pathogens), biofertilizers [plant growth-
promoting rhizobacteria (PGPR)] and phytostimulants (Whipps 2001; Berg 2009).
For the biotechnological application of these agricultural amendments, studying
their overall impact on plants and resident microbes is crucial.

Apart from these plant beneficial organisms, plant pathogens and other microbes
also reside in rhizosphere, some of which can even be opportunistic human patho-
gens. Opportunistic human pathogenic bacteria cause diseases in patients with
weakened immune systems or breached integumentary barriers (Parke and Gurian-
Sherman 2001; Steinkamp et al. 2005). In recent times, an increase in the influence
of opportunistic infections on human health has been reported. Hence, it is important
to gain complete understating of the group. It is, therefore, important to assess their
interactions with eukaryotes (Berg et al. 2010) and their pathogenic potential. In this
chapter, we will throw light on (1) the diversity of bacterial species in rhizosphere
which are potentially pathogenic to humans, and (2) the factors influencing
eukaryote—microbe interaction.

8.2 Rhizosphere as a Favourable System for Potential
Human Pathogens

The composition of rhizosphere is determined by a wide variety of biotic and abiotic
factors. When compared to the bulk/root-free soil, the rhizospheric soil being
nutrient rich attracts an astounding number of microorganisms resulting in increased
biomass and activity. This phenomenon is known as the rhizospheric effect. Many
cultivation-independent techniques showed that the microbial diversity in the soil is
highly underestimated. The diversity of resident microbial community depends on
various elements such as soil type, plant developmental stages, and different treat-
ments of soil (Bulgarelli et al. 2012; Lundberg et al. 2012; Sharma et al. 2017). The
roots of the plants release a range of compounds such as amino acids, vitamins,
sugars and organic acids rendering rhizosphere to be a hot spot for a variety of
microbes (Neumann and Romheld 2001). Sloughing-off from the root cap cells also
contributes to rhizodeposition. In addition to the analysis of the abundance of the
microbes present in soil, it is essential to go a step further to explore their activities
during different developmental stages of plant growth. The combination of rhizo-
sphere and its inhabiting microbes serve many ecological functions such as involve-
ment in various nutrient cycles and plant growth promotion (Sgrensen 1997).
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Several advanced molecular approaches have been used to study gene expression in
the rhizosphere (Mark et al. 2005; Barret et al. 2011). It was shown in the study
conducted by Mark et al. (2005) that root exudates significantly altered about
104 genes. The detailed description of what happens in the rhizosphere can be
revealed by employing ‘omics’ approach which enables the identification of genes,
transcripts, proteins and metabolites. Delmotte et al. (2009) were the pioneers in
adopting metaproteogenomic approach to explore the phyllosphere bacterial com-
munities of Arabidopsis, soybean and clover plants. Complex plant—microbes inter-
actions in the rhizosphere have been explored using MALDI-TOF/TOF-MS and
T-RFLP (Knief et al. 2011; Wang et al. 2011; Wu et al. 2011).

Being nutrient rich, protective against UV radiations, and provider for water films
for dispersal, rhizosphere serves as a favourable environment to not only beneficial
bacteria but also to those that can be potential threat for humans (Berg et al. 2005;
Tyler and Triplett 2008). The resident soil microbial communities (both plant
beneficial and pant pathogens) display diverse interactions with each other (Whipps
2001), but there is no well-defined boundary between these organisms, and the
interactions are host-dependent (Berg et al. 2005). Owing to the nutrient-rich
conditions and diverse interactions within resident microbial community, the com-
petition level is high in this ‘microenvironment’. To compete well with their
contenders, many microbes release antibiotics, like 2, 4-diacetylphloroglucinol,
pyrrolnitrin, herbicolin A, pyoluteorin, etc. (Thomashow et al. 1997), which results
in their establishment in the rhizosphere (Berg et al. 2002, 2005). Intense microbial
interactions in the rhizosphere, together with the prevalence of a vast diversity of
antibiotics, direct the resident microbes to acquire multiple antibiotic resistance
genes (Riesenfeld et al. 2004). These bacterial species not only compete with other
bacterial or fungal species, but also have antagonistic activities towards other
eukaryotic organisms. This in turn suggests that these organisms can act against
humans too. A number of opportunistic human pathogens have been reported to be
more in the rhizospheric soil as compared to the bulk soil, because rhizosphere not
only provides a perfect environment for a wide variety of interactions among
resident microbial community but also facilitates suitable condition for horizontal
gene transfer (Knudsen et al. 1988). There are higher chances of horizontal gene
transfer within cross-domain species, which inhabit varied ecosystems but come into
physical contact at some point (Overbeek et al. 2014). Reports are available for
increased frequency of horizontal gene transfers in the rhizosphere compared to the
bulk soil. Troxler et al. (1997) reported the affirmation of conjugative chromosomal
gene transfer of the soil-resident strain of Pseudomonas fluorescens CHAO with its
clinical counterpart Pseudomonas aeruginosa PAOI in the wheat rhizosphere,
whereas they could not observe it in the bulk soil. Hence, the rhizosphere provides
a suitable environment for opportunistic human pathogens as they are immensely
competitive in terms of nutrient acquisition and production of vast varieties of
antibiotics.

Pathogens include ‘true’ human pathogens like Listeria monocytogenes, Salmo-
nella enterica serovar Typhimurium and E. coli O157:H7 and also opportunistic
pathogens that cause disease only in humans with compromised immune system. The
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latter have been an intense topic of study as their impact on human health has shot up
significantly in the past two decades in Europe and Northern America (Berg et al.
2005). Opportunistic human pathogens, such as Stenotrophomonas maltophilia,
Pseudomonas aeruginosa, Burkholderia cenocepacia, Bacillus cereus and Proteus
vulgaris have been hosted by rhizosphere of various plant species (cultivated and
wild). These pathogens are responsible for skin, wound and urinary tract infection
(Berg et al. 2005).

Disease outbreaks due to contaminated plant products have been one of the major
concerns all over the world (Berg et al. 2005; Tyler and Triplett 2008; Teplitski et al.
2009; Critzer and Doyle 2010). In addition, many studies have reported that there are
chances of contamination, not only from fresh food, but it can occur throughout the
plant development stages, with the probable sources of contamination being contam-
inated manure and water used for irrigation. Their capability to persist in soil, and
invade plants, suggests that these opportunistic human pathogens have the ability to
inhabit the animal gastrointestinal tracts along with equal capability to survive in soil,
which leads to their cross-kingdom leap as cited in various studies (van Baarleen et al.
2007; Kaestli et al. 2012). Plants, therefore, can be used as an alternative host for the
survival of opportunistic human pathogens, and as a channel to re-colonize their
animal hosts when ingested (Tyler and Triplett 2008).

Despite the fact that several studies have reported the occurrence of opportunistic
human pathogens, knowledge of their virulence, as compared to their clinical coun-
terparts, is still in its infancy. Kumar et al. (2013) studied the relatedness of PaBP35
strain of P. aeruginosa (isolated from aerial shoots of Piper nigrum) to its clinical
counterpart by using polyphasic approaches like sequencing of recN gene, hybridi-
zation of comparative genome, and multilocus sequence typing. They found that the
strain PaBP35 formed separate cluster from the typical clinical isolates. However, it
was interesting to note that the strain PaBP35 exhibited resistance to multiple anti-
biotics, and cytotoxicity to mammalian cells. Moreover, it was able to cause infection
in murine airway infection model. Contrasting results were obtained by Wu et al.
(2011) who claimed that plant-related strain of P. aeruginosa M18 was sensitive to
various antibiotics, and it was easier to eradicate the strain in an acute lung infection
model of mouse when compared to its clinical counterpart, strain LESB58. Such
unpredictable behaviour of different strains can be attributed to the fact that different
strains might differ in genome expression profiles, virulence factors, and antibiotic
resistance and susceptibility. Though rhizosphere provides a suitable habitat for
human pathogens, many studies have argued that the resident microbial community
imparts an obstacle against the intrusion of these human pathogens. For example,
colonization of S. enterica and E. coli O157:H7 on the roots of Arabidopsis thaliana
was impeded by Enterobacter asburiae (Cooley et al. 2003). On the other hand,
Troxler et al. (1997) showed that many of these pathogens displayed high compet-
itiveness with respect to nutrient acquisition, hence were able to colonize and
subsequently proliferate in the presence of resident microbial community, as
exhibited by P. aeruginosa in wheat rhizosphere. Similarly, Stenotrophomonas
strains were not only able to inhabit strawberry rhizosphere but also stimulate root
growth (Suckstorff and Berg 2003). The mechanism responsible for root colonization
happens to be similar to those associated with human tissue colonization (Berg et al.
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2005; Holden et al. 2009). On the other hand, several strains of B. cepacia were found
to be virulent both in lung infection model and in alfalfa (Bernier et al. 2003). Klerks
et al. (2007) hypothesized that the genes for adherence in S. enterica was turned on
under the influence of root exudates. Apart from chemotaxis, the human pathogens
get attached to the plants with the help of fimbriae, capsules and adhesins, which are
regulated by several other genes. A list of several opportunistic human pathogens
occurring in rhizosphere has been included in Table 8.1.

8.2.1 Pathogens as PGPR

Several genera (Staphylococcus, Burkholderia, Pseudomonas, Enterobacter,
Cronobacter, Herbaspirillum, Azospirillum, Ochrobactrum, Pantoea, Ralstonia,
Serratia and Stenotrophomonas) show bivalent interaction with both plants and
humans exhibiting several plant growth-promoting (PGP) properties in addition to
having antagonistic properties against the plant pathogens (Whipps 2001; Govan
et al. 2000; Parke and Gurian-Sherman 2001).

The genus Burkholderia consists of many species, several of which are major
pathogens of animals, humans and plants. Many other species have appeared as key
opportunistic pathogens as well. There has been a marked increase in the incidences
of diseases caused by Burkholderia in the last two decades (Govan et al. 1996;
Coenye and Vandamme 2003). Burkholderia spp. have often been found in the
rhizosphere of many grasses and crops (Tabacchioni et al. 2002). They have been
reported to be of substantial interest as biocontrol agents, repressing plant pathogens
and, in turn, improving crop yields (Govan et al. 1996; Hebbar et al. 1998; Holmes
et al. 1998). These biocontrol properties are due to the production of a variety of
compounds such as antifungal metabolites, and siderophores, and their ability to
degrade a range of organic compounds (Kang et al. 1998). Hence, despite having
immense biotechnological applications in agricultural fields, their commercial usage
is impeded by probable danger to human health. Ochrobacter species inhabit a vast
variety of niches, which includes soil, rhizosphere, activated sludge and sediments.
These species being versatile are capable of denitrification and degrade recalcitrant
chemicals (Goris et al. 2003). They have also been reported to be associated with
various clinical issues (Jelveh and Cunha 1999; Moller et al. 1999). At both
genotypic and phenotypic level, Stenotrophomonas species have exhibited a vast
diversity (Berg et al. 1999; Hauben et al. 1999). They play a crucial role in
biogeochemical cycles (Ikemoto et al. 1980), plant protection against pathogens
(Berg et al. 1994; Kobayashi et al. 1995; Nakayama et al. 1999), and bioremediation
and degradation of xenobiotic components (Binks et al. 1995; Lee et al. 2002).
During the last decade, multidrug-resistant species have gained attraction, causing
high fatality ratios in immuno-compromised patients (Denton and Kerr 1998).
Though the pathogenicity of Stenotrophomonas is not clear because of the
unavailability of literature on their virulence factors, antibiotics produced by them
are utilized in controlling plant pathogens (Nakayama et al. 1999).
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Table 8.1 Various opportunistic human pathogens associated with the rhizosphere of plants

S. no.

Plant

Opportunistic human pathogens

References

L.

Brassica
napus

Enterobacter intermedius,
Burkholderia cepacia, Salmonella
typhimurium, Cytophaga
Jjohnsonnae, Pseudomonas
aeruginosa, Aeromonas
salmonicida, Chromobacterium
violaceum, Pantoea agglomerans,
S. proteamaculans, S. rubidaea,
S. liquefaciens, Stenotrophomonas
maltophilia, Sphingomonas
paucimobilis, Bacillus cereus,
Chryseomonas luteola, Serratia
grimesii, Proteus vulgaris,
Chryseobacterium indologenes

Berg et al. (1996, 2002), Graner
et al. (2003)

Solanum
tuberosum

Staphylococcus epidermidis,

S. xylosus, S. pasteuri, Kluyvera
cryocrescens, Proteus vulgaris,
Flavimonas oryzihabitans, Bacillus
cereus, Serratia grimesii,
Achromobacter xylosoxidans,
Cytophaga johnsonae,
Stenotrophomonas maltophilia,
Enterobacter amnigenus,

E. intermedius, E. cloacae,
Janthinobacterium lividum,
Pantoea agglomerans, Pseudomo-
nas aeruginosa, Alcaligenes
faecalis, Chromobacterium
violaceum, Sphingomonas
paucimobilis, Burkholderia
cepacia, Francisella philomiragia,
Ochrobactrum anthropi,
Sphingobacterium spiritivorum

Berg et al. (2002, 2005), Gupta
et al. (2001), Krechel et al.
(2002), Lottmann et al. (1999),
Lottmann and Berg (2001),
Reiter et al. (2002), Sessitsch
et al. (2004)

Fragaria X
ananassa

Proteus vulgaris, Salmonella
typhimurium, Pantoea
agglomerans, Burkholderia
cepacia, Serratia proteamaculans,
Acinetobacter baumannii, Staphy-
lococcus epidermidis,
Acinetobacter calcoaceticus,
Serratia grimesii

Berg et al. (2002, 2005)

Medicago
sativa (target
plant)
Chenopodium
album
(non-target
plant)

Flavobacterium johnsoniae,
Stenotrophomonas maltophilia

Schwieger and Tebbe (2000)

(continued)
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Table 8.1 (continued)
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S. no. |Plant Opportunistic human pathogens References
5. Helianthus Stenotrophomonas maltophilia, Hebbar et al. (1998)
annuus Burkholderia cepacia,

Flavobacterium odoratum

6. Zea mays Klebsiella pneumoniae, Chelius and Triplett 2000),
Stenotrophomonas maltophilia, Dalmastri et al. (1999), Lambert
Sphingomonas paucimobilis, et al. (1987)
Burkholderia cepacia, Serratia
liquefaciens

7. Oryza sativa Serratia marcescens, Pseudomonas | Gyaneshwar et al. (2001),
aeruginosa, Ochrobactrum Mehnaz et al. (2001), Tripathi
anthropi, Alcaligenes et al. (2002)
xylosoxidans, Aeromonas veronii,
Enterobacter cloacae

8. Triticum Ochrobactrum tritici, Burkholderia | Germida and Siciliano (2001),

aestivum cepacia, Streptococcus pyogenes, Morales et al. (1996)

Enterobacter agglomerans,
Stenotrophomonas maltophilia
Ochrobactrum anthropi, Staphylo-
coccus aureus, Pseudomonas
aeruginosa, Salmonella
typhimurium

9. Hay grass Listeria monocytogenes, Salmo- Strawn et al. (2013)
nella and Shiga toxin-producing
Escherichia coli (STEC)

10. Daucus carota | Listeria monocytogenes Dowe et al. (1997)

8.2.2 Factors Responsible for Host—Pathogen Interaction

The antagonistic mechanism of interaction of rhizobacteria with its human host
includes various means such as antibiosis, competition for niche and nutrients, and
production of extracellular enzymes (Fravel 1988; Raaijmakers et al. 2002; De
Souza et al. 2003). Rhizobacteria utilize fimbriae and cell surface proteins for their
early interaction with the plant host. It then utilizes root exudates and seeds as the
carbon source (Lugtenberg and Dekkers 1999). Under stress like changing osmo-
larity, these bacteria synthesize solutes to combat the stress (Miller and Wood 1996).
The mechanisms of action such as invasion, colonization, growth, and approach
used to establish virulence are similar for pathogenicity of bacteria in both plants and
humans (Rahme et al. 1995; Cao et al. 2001). To survive in humans, the additional
crucial feature is the potential to grow at 37 °C. To counter the infection, plants
stimulate their innate immunity against bacterial components (flagella, lipopolysac-
charides), which is very similar to the reaction of mammalian innate immune system
in response to pathogens (Van Loon et al. 1998). Hartmann et al. (2004) reported the
induction of innate immune system in tomato plants against N-acyl homoserine
lactone secreted by Serratia liquefaciens for quorum sensing. Many studies showed
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that the factors responsible for favourable interaction with plants and pathogenicity
in humans are almost similar or even identical, e.g. production of siderophores and
extracellular enzymes (Tan et al. 1999). The study conducted by Dérr et al. (1998)
showed that type IV pili of Azoarcus sp. BH72, which is used for the adhesion on
plants, was also used for adhesion on fungus. Moreover, the sequence of amino acids
of the pilus represents high resemblance to that of human pathogens such as
P. aeruginosa and Neisseria gonorrhoeae. When in contact with different host
niche or host, there are chances that harmless bacteria might turn into pathogens
because of the display of their virulence potential to its full extent. Other factors
include structural changes in bacterial genome due to horizontal gene transfer,
recombination and mutations (Hacker et al. 2003). However, sequence information
based on 16S rRNA is not at all a solution to draw conclusion regarding the
pathogenicity, and therefore it is necessary to perform analysis at protein level.

8.2.3 Bacterial Genera with Unknown/Varied Pathogenicity

Many rhizospheric bacterial species have been reported to have varied pathogenicity on
plants, animals and humans. Bacillus thuringiensis has been used for decades in fields
to keep a check on insects and mosquitoes. While it is a ubiquitous soil bacteria,
its ecological behaviour was not found to be related with B. anthracis and B. cereus
(both of which are human pathogens) (Jensen et al. 2003). B. thuringiesis-based
biopesticide preparations fed to sheep did not exert any harmful effect on these animals
(Hadley et al. 1987). Therefore, it is possible to postulate that the strains incapable of
growing at 37 °C can be regarded as safe for humans and biotechnological applications.

Burkholderia species, on the other hand, is considered to be one of the most
debatable in terms of its agricultural applications. The reason for this is the difficulty
in discriminating between its beneficial and clinical strains. Yabuuchi et al. (1992)
defined the Burkholderia genus. Initially, it comprised of seven species, consisting
of animal pathogens, human pathogens, plant pathogens, and opportunistic human
pathogens. The emerging strains of Burkholderia possess beneficial properties with
rare clinical reports and, therefore, were considered to be safe for application. These
Burkholderia strains exhibit immense potential with respect to biotechnological
applications by releasing a list of hydrolytic enzymes, and several bioactive compo-
nents. Despite these properties, their application in industries and agriculture is
extremely restricted because of any potential threat they might impose on humans
(Eberl and Vandamme 2016).

Cross-domain pathogens include the species under the genera Pseudomonas.
Differentiation of clinical type from non-pathogenic types (includes PGPR) is
generally hard to accomplish. Representatives of the species Pseudomonas
fluorescens have also been found to be associated with Crohn’s diseases, apart
from their common occurrence in rhizosphere (Wei et al. 2002; Eckburg and Relman
2007). An additional rhizosphere-borne representative of Pseudomonas veronii was
reported to be linked with the formation of intestinal pseudotumour in humans
(Cheuk et al. 2000).
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Rhizosphere also provides a suitable home for those which cause diseases not
only in plants but also in humans, e.g. Erwinia and Pantoea (Cruz et al. 2007,
Coutinho and Venter 2009). Nithya and Babu (2017) demonstrated that human
pathogens and opportunistic human pathogens coexisted with the plant beneficial
bacteria as endophytes in salad vegetables. It was demonstrated that out of 19 genera
and 46 species, 16.25% were human pathogens, whereas 26.5% were opportunistic
human pathogens. Higher abundance of plant beneficial bacteria resulted in a
negative impact on both plant and human pathogens.

8.3 Horizontal Gene Transfer as a Mode for Cross-
Domain Talk

There are several modes of horizontal gene transfer, such as plasmids, bacterio-
phages and transposons (Juhas et al. 2009). When a human pathogen is not residing
inside a human host, there are chances that novel phenotypic traits are acquired by
it. Those human pathogens which reside in the rhizosphere, may acquire additional
characteristics from the resident microbial community through horizontal gene
transfer (Overbeek et al. 2014). The key helpers in the transmission of virulent
factors between different bacterial strains are found to be bacteriophages, by either
transduction or lysogenic conversion. This process results in bacterial evolution.
Non-pathogenic variety of E. coli can be transformed into virulent strains post-
infection with the temperate bacteriophages possessing stx1 and szx2 genes encoding
Shiga toxins. This type of bacterial conversion from avirulent to virulent strains is
more common in Corynebacterium diphtheria and several Salmonella species
(Saunders et al. 2001). Conjugal plasmids are another mode of horizontal gene
transfer. As there are commonalities in virulent factors among Enterobacteriaceae
of plants and animals (Toth et al. 2006), conjugal plasmids might be responsible for
the horizontal transfer of these factors in plant—soil ecosystem. Genes that are
accountable for causing diseases in humans can be found among soil and plant
resident bacterial species having human pathogens in close proximity. This stipu-
lates that the rhizosphere is a hub of genes which might enhance robustness of
human pathogens residing in the soil. Hence, rhizosphere provides an immense
opportunity to reveal the processes of horizontal gene transfer.

8.4 Conclusions

There is a need to know the mode of interaction of pathogenic microbes with
eukaryotic hosts before their application as bioinoculants. If they show a bivalent
interaction, then it becomes all the more crucial to assess their risk. Such microbial
species are known as crossover or cross-kingdom pathogens, viz. Pseudomonas
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aeruginosa, Burkholderia cepacia, Dickeya spp., Enterococcus faecalis and
Serratia marcescens. Risk assessment should be done not only on the basis of
genomic analysis (by analysing the presence of sequences responsible for pathogen-
esis) but also on the basis of interaction studies and proteomics, as there are chances
of horizontal gene transfer and recombination, which facilitate bacteria to attain new
physiological attributes. Also, bacteria associated with plant and humans contain
similar ‘interaction elements’, but their presence is not a requisite for pathogenicity.
In fact, better association has been displayed at protein level as shown in case of
epidemic bacteria. In a nutshell, gaining the knowledge with respect to root coloni-
zation of human pathogens, and their means of transmission to humans is the need of
the hour, which will be helpful in their further biotechnological applications.

8.5 Future Perspective

To decrease the incidences of diseases in plants and humans, rhizospheric engineer-
ing is a technique which seems to be promising in amelioration of the negative impact
of these pathogens by preventing their germination, growth and attachment to the root
surface. Similar to the probiotics for humans, ‘probiotics for plants’ has been pro-
posed. This will be possible by strategically shaping the rhizosphere microbiome by
designing a ‘core microbiome’ which will be effective against various soil-borne
pathogens in varied agricultural fields. This microbiome should consist of microbes
which display activities to combat the pathogens (Turnbaugh et al. 2009; Ursell et al.
2012) together with possessing PGP properties. This can be achieved by employing
microbial genera that not only colonize the rhizosphere but also have their genomic
data available publically. They should also be flexible in terms of genetic engineering
attempts, viz. Pseudomonas, Bacillus, Streptomyces, Paenibacillus and Rhizobium.

Acknowledgements The study was supported by grant received from the Department of Biotech-
nology, Government of India (BT/PR5499/AGR/21/355/2012). RS wishes to acknowledge the
fellowship received from CSIR, Government of India.

References

Barret M, Morrissey JP, O’Gara F (2011) Functional genomics analysis of plant growth-promoting
rhizobacterial traits involved in rhizosphere competence. Biol Fertil Soils 47:729-743

Berg G (2009) Plant-microbe interactions promoting plant growth and health: perspectives for
controlled use of microorganisms in agriculture. J Appl Microbiol Biotechnol 84:8-11

Berg G, Knaape C, Ballin G, Seidel D (1994) Biological control of Verticillium dahliae KLEB by
naturally occurring rhizosphere bacteria. Arch Phytopathol Dis Protect 29:249-262

Berg G, Marten P, Ballin G (1996) Stenotrophomonas maltophilia in the rhizosphere of oilseed rape
— occurrence, characterization and interaction with phytopathogenic fungi. Microbiol Res
151:19-27



8 Rhizosphere: A Home for Human Pathogens 123

Berg G, Roskot N, Smalla K (1999) Genotypic and phenotypic relationship in clinical and
environmental isolates of Stenotrophomonas maltophilia. J Clin Microbiol 37:3594-3600

Berg G, Roskot N, Steidle A, Eberl L, Zock A, Smalla K (2002) Plant-dependent genotypic and
phenotypic diversity of antagonistic rhizobacteria isolated from different Verticillium host
plants. Appl Environ Microbiol 68:3328-3338

Berg G, Eberl L, Hartmann A (2005) The rhizosphere as a reservoir for opportunistic human
pathogenic bacteria. Environ Microbiol 71:4203-4213

Berg G, Zachow C, Cardinale M, Miiller H (2010) Ecology and human pathogenicity of plant-
associated bacteria. In: Ehlers RU (ed) Regulation of biological control agents. Springer, Berlin,
pp 175-189

Bernier SP, Silo-Suh L, Woods DE, Ohman DE, Sokol PA (2003) Comparative analysis of plant
and animal models for characterization of Burkholderia cepacia virulence. Infect Immun
71:5306-5313

Binks PR, Nicklin S, Bruce NC (1995) Degradation of RDX by Stenotrophomonas maltophilia
PB1. Appl Environ Microbiol 61:1813-1322

Bonkowski M, Villenave C, Griffiths B (2009) Rhizosphere fauna: the functional and structural
diversity of intimate interactions of soil fauna with plant roots. Plant Soil 321:213-233

Bulgarelli D et al (2012) Revealing structure and assembly cues for Arabidopsis root-inhabiting
bacterial microbiota. Nature 488:91-95

Cao H, Baldini RL, Rahme LG (2001) Common mechanisms for pathogens of plants and animals.
Annu Rev Phytopathol 39:259-284

Chelius MK, Triplett EW (2000) Immunolocalization of dinitrogenase reductase produced by
Klebsiella pneumoniae in association with Zea mays L. Appl Environ Microbiol 66:783-787

Cheuk W, Woo PCY, Yuen KY, Yu PH, Chan JKC (2000) Intestinal inflammatory pseudotumour
with regional lymph node involvement: identification of a new bacterium as the etiological
agent. J Pathol 192:289-292

Coenye T, Vandamme P (2003) Diversity and significance of Burkholderia species occupying
diverse ecological niches. Environ Microbiol 5:719-729

Cook RJ, Tomashow LS, Weller DM, Fujimoto D, Mazzola M, Bangera G, Kim DS (1995)
Molecular mechanisms of defense by rhizobacteria against root disease. Proc Natl Acad Sci U
S A 92:4197-4201

Cooley MB, Miller WG, Mandrell RE (2003) Colonization of Arabidopsis thaliana with Salmo-
nella enterica and enterohemorrhagic Escherichia coli O157:H7 and competition by
Enterobacter asburiae. Appl Environ Microbiol 69:4915-4926

Coutinho TH, Venter SN (2009) Pathogen profile. Pantoea ananatis: an unconventional plant
pathogen. Mol Plant Pathol 10:325-335

Critzer FJ, Doyle MP (2010) Microbial ecology of foodborne pathogens associated with produce.
Curr Opin Biotechnol 21:125-130

Cruz AT, Andreea C, Allen CH (2007) Pantonea agglomerans, a plant pathogen causing human
disease. J Clin Microbiol 45:1989-1992

Dalmastri C, Chiarini L, Cantale C, Bevivino A, Tabacchioni S (1999) Soil type and maize cultivar
affect the genetic diversity of maize root-associated Burkholderia cepacia populations. Microb
Ecol 38:273-284

De Souza JT, De Boer M, De Waard P, Van Beek TA, Raaijmakers JM (2003) Biochemical, genetic,
and zoosporicidal properties of cyclic lipopeptide surfactants produced by Pseudomonas
fluorescens. Appl Environ Microbiol 69:7161-7172

Delmotte N et al (2009) Community proteogenomics reveals insights into the physiology of
phyllosphere bacteria. P Natl Acad Sci USA 106:16428-16433

Dennis PG, Miller AJ, Hirsch PR (2010) Are root exudates more important than other sources of
rhizodeposits in structuring rhizosphere bacterial communities? FEMS Microbiol Ecol
72:313-327

Denton M, Kerr KG (1998) Microbiological and clinical aspects of infections associated with
Stenotrophomonas maltophilia. Clin Microbiol Rev 11:7-80



124 R. Sharma et al.

Dérr J, Hurek T, Reinhold-Hurek B (1998) Type IV pili are involved in plant-microbe and fungus—
microbe interactions. Mol Microbiol 30:7-17

Dowe MJ, Jackson ED, Mori JG, Bell CR (1997) Listeria monocytogenes survival in soil and
incidence in agricultural soils. J Food Prot 60:1201-1207

Eberl L, Vandamme P (2016) Members of the genus Burkholderia: good and bad guys. F1000 Res
5:1-10

Eckburg PB, Relman DA (2007) The role of microbes in Crohn’s disease. Clin Infect Dis
44:256-262

Fravel DR (1988) Role of antibiosis in the biocontrol of plant diseases. Annu Rev Phytopathol
26:75-91

Germida JJ, Siciliano SD (2001) Taxonomic diversity of bacteria associated with the roots of
modern, recent and ancient wheat cultivars. Biol Fertil Soils 33:410-415

Goris J, Boon N, Lebbe L, Verstracte W, De Vos P (2003) Diversity of activated sludge bacteria
receiving the 3-chloroaniline degradative plasmid pClgfp. FEMS Microbiol Ecol 46:221-230

Govan JRW, Hughes JE, Vandamme P (1996) Burkholderia cepacia: medical, taxonomic and
ecological issues. ] Med Microbiol 45:395-407

Govan JRW, Balendreau J, Vandamme P (2000) Burkholderia cepacia — friend and foe. ASM
News 66:124-125

Graner G, Persson P, Meijer J, Alstrgm S (2003) A study on microbial diversity in different
cultivars of Brassica napus in relation to its wilt pathogen, Verticillium longisporum. FEMS
Microbiol Lett 29:269-276

Gupta CP, Sharma A, Dubey RC, Maheshwari DK (2001) Effect of metal ions on growth of
Pseudomonas aeruginosa and siderophore and protein production. Indian J Exp Biol
39:1318-1321

Gyaneshwar P, James EK, Mathan N, Reddy PM, Reinhold-Hurek B, Ladha JK (2001) Endophytic
colonization of rice by a diazotrophic strain of Serratia marcescens. J Bacteriol 183:2634-2645

Hacker J, Hentschel U, Dobrindt U (2003) Prokaryotic chromosomes and diseases. Science
301:790-793

Hadley WM et al (1987) Five month oral (diet) toxicity/infectivity study of Bacillus thuringiensis
insecticides in sheep. Fundam Appl Toxicol 8:236-242

Hartmann A, Gantner S, Schuhegger R, Steidle A, Diirr C, Schmid M et al (2004) N-acyl homoserine
lactones of rhizosphere bacteria trigger systemic resistance in tomato plants. In: Lugtenberg B,
Tikhonovich I, Provorov N (eds) Biology of molecular plant-microbe interactions, vol 4. MPMI,
St Paul, MN, pp 554-556

Hartmann A, Schmid M, van Tuinen D, Berg G (2009) Plant-driven selection of microbes. Plant
Soil 321:235-257

Hauben L, Vauterin L, Moore ERB, Hoste M, Swings J (1999) Genomic diversity of the genus
Stenotrophomonas. Int J Syst Bacteriol 49:1749-1760

Hebbar KP, Martel MH, Heulin T (1998) Suppression of pre- and postemergence damping-off in
corn by Burkholderia cepacia. Europ J Plant Pathol 104:29-36

Hinsinger P, Marschner P (2006) Rhizosphere — perspectives and challenges — a tribute to Lorenz
Hiltner. Plant Soil 283:vii—viii

Hinsinger P, Bengough AG, Vetterlein D, Young IM (2009) Rhizosphere: biophysics, biogeo-
chemistry and ecological relevance. Plant Soil 321:117-152

Holden N, Pritchard L, Toth I (2009) Colonization outwith the colon: plants as an alternative
environmental reservoir for human pathogenic enterobacteria. FEMS Microbiol Rev
33:689-703

Holmes A, Govan J, Goldstein R (1998) Agricultural use of Burkholderia (Pseudomonas) cepacia:
a threat to human health? Emerg Infect Dis 4:221-227

Ikemoto S, Suzuki K, Kaneko T, Komagata K (1980) Characterization of strains of Pseudomonas
maltophilia which do not require methionine. Int J Syst Bacteriol 30:437—447

Jelveh N, Cunha BA (1999) Ochrobactrum anthropic bacteremia. Heart Lung 28:145-146



8 Rhizosphere: A Home for Human Pathogens 125

Jensen GB, Hansen MB, Eilenberg J, Maillon J (2003) The hidden lifestyle of Bacillus cereus and
relatives. Environ Microbiol 5:631-640

Jones DL, Nguyen C, Finlay RD (2009) Carbon flow in the rhizosphere: carbon trading at the soil-
root interface. Plant Soil 321:5-33

Juhas M, vander Meer JR, Gaillard M, Harding RM, Hood DW, Crook DW (2009) Genomic
islands: tools of bacterial horizontal gene transfer and evolution. FEMS Microbiol Rev
33:376-393

Kaestli M et al (2012) Out of the ground: aerial and exotic habitats of the melioidosis bacterium
Burkholderia pseudomallei in grasses in Australia. Environ Microbiol 14:2058-2070

Kang YW, Carlson R, Tharpe W, Schell MA (1998) Characterization of genes involved in
biosynthesis of a novel antibiotic from Burkholderia cepacia BC11 and their role in biological
control of Rhizoctonia solani. Appl Environ Microbiol 64:3939-3947

Klerks MM, Franz E, van Gent-Pelzer M, Zijlstra C, van Bruggen AHC (2007) Differential
interaction of Salmonella enterica serovars with lettuce cultivars and plant-microbe factors
influencing the colonization efficiency. ISME J 1:620-631

Knief C et al (2011) Metaproteogenomic analysis of microbial communities in the phyllosphere and
rhizosphere of rice. ISME J 6:1378-1390

Knudsen GR, Walter MV, Porteous LA, Prince VJ, Amstrong JL, Seidler RJ (1988) Predictive
model of conjugated plasmid transfer in the rhizosphere and phyllosphere. Appl Environ
Microbiol 54:343-347

Kobayashi DY, Gugliemoni M, Clarke BB (1995) Isolation of chitinolytic bacteria Xanthomonas
maltophilia and Serratia marcescens as biological control agents for summer patch disease of
turf grass. Soil Biol Biochem 27:1479-1487

Krechel A, Faupel A, Hallmann J, Ulrich A, Berg G (2002) Potato-associated bacteria and their
antagonistic potential towards plant pathogenic fungi and the plant parasitic nematode
Meloidogyne incognita (Kofoid and White) Chitwood. Can J Microbiol 48:772-786

Kumar A, Munder A, Aravind R, Eapen SJ, Tdmmler B, Raaijmakers JM (2013) Friend or foe:
genetic and functional characterization of plant endophytic Pseudomonas aeruginosa. Environ
Microbiol 15:764-779

Lambert B, Frederik L, Van Rooyen L, Gossele F, Papon Y, Swings J (1987) Rhizobacteria of
maize and their antifungal activities. Appl Environ Microbiol 53:1866-1871

Lee EY, Jun YS, Cho KS, Ryu HW (2002) Degradation characteristics of toluene, benzene,
ethylbenzene, and xylene by Stenotrophomonas maltophilia T3-c. J Air Waste Manag Assoc
52:400-406

Lottmann J, Berg G (2001) Phenotypic and genotypic characterization of antagonistic bacteria
associated with roots of transgenic and non-transgenic potato plants. Microbiol Res 156:75-82

Lottmann J, Heuer H, Smalla K, Berg G (1999) Influence of transgenic T4-lysozyme-producing
plants on beneficial plant-associated bacteria. FEMS Microb Ecol 29:365-377

Lugtenberg BJJ, Dekkers LC (1999) What makes Pseudomonas bacteria rhizosphere competent?
Environ Microbiol 1:9-13

Lundberg DS et al (2012) Defining the core Arabidopsis thaliana root microbiome. Nature
488:86-90

Lynch JM (1990) Introduction: some consequences of microbial rhizosphere competence for plant
and soil. In: Lynch JM (ed) The Rhizosphere. Wiley, Chichester, pp 1-10

Mark GL et al (2005) Transcriptome profiling of bacterial responses to root exudates identifies
genes involved in microbe—plant interactions. P Natl Acad Sci USA 102:17454-17459

Meeting FB (1992) Soil microbial ecology: applications in agricultural and environmental man-
agement. Marcel Dekker, New York

Mehnaz S, Mirza MS, Haurat J, Bally R, Normand P, Bano A, Malik KA (2001) Isolation and 16S
rRNA sequence analysis of the beneficial bacteria from the rhizosphere of rice. Can J Microbiol
47:110-117



126 R. Sharma et al.

Mendes A, Garbeva P, Raaijmakers JM (2013) The rhizosphere microbiome: significance of plant
beneficial, plant pathogenic, and human pathogenic microorganisms. FEMS Microbiol Rev
37:634-663

Miller KJ, Wood IM (1996) Osmoadaption by rhizosphere bacteria. Ann Rev Microbiol
50:101-136

Moller LV, Arends JP, Harmsen HJ, Talens A, Terpstra P, Slooff MJ (1999) Ochrobactrum
intermedium infection after liver transplantation. J Clin Microbiol 37:241-244

Morales A, Garland JL, Lim DV (1996) Survival of potentially pathogenic human-associated
bacteria in the rhizosphere of hydroponically grown wheat. FEMS Microb Ecol 20:155-162

Nakayama T, Homma Y, Hashidoko Y, Mitzutani J, Tahara S (1999) Possible role of xanthobaccins
produced by Stenotrophomonas sp. strain SB-K88 in suppression of sugar beet damping-off
disease. Appl Environ Microbiol 65:4334-4339

Neumann G, Rémheld V (2001) The release of root exudates as affected by the plant’s physiological
status. In: Pinton R, Varanini Z, Nannipieri P (eds) The rhizosphere. Marcel Dekker, New York,
NY, pp 41-93

Nithya A, Babu S (2017) Prevalence of plant beneficial and human pathogenic bacteria isolated
from salad vegetables in India. BMC Microbiol 17:1-16

Overbeek R, Olson R, Pusch GD, Olsen GJ, Davis JJ, Disz T, Edwards RA, Gerdes S, Parrello B,
Shukla M, Vonstein V, Wattam AR, Xia F, Stevens R (2014) The SEED and the rapid
annotation of microbial genomes using subsystems technology (RAST). Nucleic Acids Res
42:206-214

Parke JL, Gurian-Sherman D (2001) Diversity of the Burkholderia cepacia complex and implica-
tions for risk assessment of biological control strains. Annu Rev Phytopathol 39:225-258

Pierret A, Doussan C, Capowiez Y, Bastardie F, Pages L (2007) Root functional architecture: a
framework for modeling the interplay between roots and soil. Vadose Zone J 6:269-281

Raaijmakers JM, Vlami M, de Souza JT (2002) Antibiotic production by bacterial biocontrol
agents. Antonie Leeuwenhoek 81:537-547

Raaijmakers JM, Paulitz TC, Steinberg C, Alabouvette C, Moénne-Loccoz Y (2009) The rhizo-
sphere: a playground and battlefield for soilborne pathogens and beneficial microorganisms.
Plant Soil 321:341-361

Rahme LG, Stevens EJ, Wolfort SF, Shoa J, Tompkins RG, Ausubel FM (1995) Common virulence
factors for bacterial pathogenicity in plants and animals. Science 268:1899-1902

Reiter B, Pfeifer U, Schwab H, Sessitsch A (2002) Response of endophytic bacterial communities
in potato plants to infection with Erwinia carotovora subsp. atroseptica. Appl Environ
Microbiol 68:2261-2268

Riesenfeld CS, Goodman RM, Handelsman J (2004) Uncultured soil bacteria are a reservoir of new
antibiotic resistance genes. Environ Microbiol 6:981-989

Saunders JR, Allison H, James CE, McCarthy AJ, Sharp R (2001) Phage-mediated transfer of
virulence genes. J Chem Technol Biotechnol 76:662-666

Schwieger F, Tebbe CC (2000) Effect of field inoculation with Sinorhizobium meliloti L33 on the
composition of bacterial communities in rhizospheres of a target plant (Medicago sativa) and a
non-target plant (Chenopodium album)-linking of 16S rRNA gene-based single-strand confor-
mation polymorphism community profiles to the diversity of cultivated bacteria. Appl Environ
Microbiol 66:3556-3565

Sessitsch A, Reiter B, Berg G (2004) Endophytic bacterial communities of field-grown potato
plants and their plant growth-promoting abilities. Can J Microbiol 50:239-249

Sharma R, Paliwal JS, Chopra P, Dogra D, Pooniya V, Bisaria VS, Swarnalakshmi K, Sharma S
(2017) Survival, efficacy and risk assessment of bacterial inoculants in Cajanus cajan. Agric
Ecosyst Environ 240:244-252

Sgrensen J (1997) The rhizosphere as a habitat for soil microorganisms. In: Van Elsas JD, Trevors
JT, EMH W (eds) Modern soil microbiology. Marcel Dekker, New York, NY, pp 21-45

Steinkamp G, Wiedemann B, Rietschel E, Krahl A, Giehlen J, Barmeier H, Ratjen F (2005)
Prospective evaluation of emerging bacteria in cystis fibrosis. J Cyst Fibros 4:41-48



8 Rhizosphere: A Home for Human Pathogens 127

Strawn LK et al (2013) Landscape and meteorological factors affecting prevalence of three food-
borne pathogens in fruit and vegetable farms. Appl Environ Microbiol 79:588-600

Suckstorff I, Berg G (2003) Evidence for dose-dependent effects on plant growth by
Stenotrophomonas strains from different origins. J Appl Microbiol 95:656-663

Tabacchioni S, Bevivino A, Dalmastri C, Chiarini L (2002) Burkholderia cepacia complex in the
rhizosphere: a minireview. Ann Microbiol 52:103-117

Tan MW, Rahme LG, Sternberg JA, Tompkins RG, Ausubel FM (1999) Pseudomonas aeruginosa
killing of Caenorhabditis elegans used to identify P. aeruginosa virulence factors. Proc Natl
Acad Sci U S A 96:2408-2413

Teplitski M, Barak JD, Schneider KR (2009) Human enteric pathogens in produce: un-answered
ecological questions with direct implications for food safety. Curr Opin Biotechnol 20:166—171

Thomashow LS, Bonsall RF, Weller DM (1997) Antibiotic production by soil and rhizosphere
microbes in situ. In: Hurst CJ, Knudson GR, MJ M1, Setzenbach LD, Walter MV (eds) Manual
of environmental microbiology. American Society for Microbiology Press, Washington, DC, pp
493-499

Toth IK, Pritchard L, Birch PR (2006) Comparative genomics reveals what makes an enterobac-
terial plant pathogen. Annu Rev Phytopathol 44:305-336

Tripathi AK, Verma SC, Ron EZ (2002) Molecular characterization of a salt-tolerant bacterial
community in the rice rhizosphere. Res Microbiol 153:579-584

Troxler J, Azelvandre P, Zala M, Defago G, Haas D (1997) Conjugative transfer of chromosomal
genes between fluorescents pseudomonads in the rhizosphere of wheat. Appl Environ Microbiol
63:213-219

Turnbaugh PJ et al (2009) A core gut microbiome in obese and lean twins. Nature 457:480—484

Tyler HL, Triplett EW (2008) Plants as a habitat for beneficial and/or human pathogenic bacteria.
Annu Rev Phytopathol 46:53-73

Ursell LK, Metcalf JL, Parfrey LW, Knight R (2012) Defining the human microbiome. Nutr Rev 70:
S$38-S44

van Baarlen P, van Belkum A, Summerbell RC, Crous PW, Thomma B (2007) Molecular
mechanisms of pathogenicity: how do pathogenic microorganisms develop cross-kingdom
host jumps? FEMS Microbiol Rev 31:239-277

van Loon LC, Bakker PA, Pieterse CM (1998) Systemic resistance induced by rhizosphere bacteria.
Annu Rev Phytopathol 36:453—483

Wang HB et al (2011) Characterization of metaproteomics in crop rhizospheric soil. J Proteome Res
10:932-940

Wei B, Huang T, Dalwadi H, Sutton CL, Bruckner D, Braun J (2002) Pseudomonas fluorescens
encodes the Crohn’s disease-associated 12 sequenceand T-cell superantigen. Infect Immun
70:6567-6575

Whipps J (2001) Microbial interactions and biocontrol in the rhizosphere. J Exp Bot 52:487-511

Wu L, Wang H, Zhang Z, Lin R, Lin W (2011) Comparative metaproteomic analysis on consec-
utively Rehmannia glutinosa-monocultured rhizosphere soil. PLoS One 6:¢20611

Yabuuchi E, Kosako Y, Oyaizu H, Yano I, Hotta H, Hashimoto Y, Ezaki T, Arakawa M (1992)
Proposal of Burkholderia gen. nov. and transfer of seven species of the genus Pseudomonas
homology group II to the new genus, with the type species Burkholderia cepacia (Palleroni and
Holmes 1981) comb. nov. Microbiol Immunol 36:1251-1275



Chapter 9 )
Effect of Organic Farming on Structural s
and Functional Diversity of Soil
Microbiome: Benefits and Risks
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and Shilpi Sharma

Abstract The significance of microbial diversity in soil has been demonstrated
since decades. Assorted variety of microorganisms in soil is fundamental to support
soil health, as an extensive diversity of microorganisms is associated with essential
soil functions. Several abiotic and biotic factors have been reported to affect the
structural and functional diversity of soil microbes. This chapter centers around
information related to the application of different biological amendments, and their
influential role in shaping soil microbial community diversity, and health. Specifi-
cally, it focuses on the application of different organic fertilizers, and their influence
on the diversity of microbial communities in arable soil, and upon the risks associ-
ated with such amendments, since they can be a source of heavy metals, antibiotics,
antibiotic-resistant bacteria, and antibiotic-resistant genes carried by mobile genetic
elements.
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9.1 Introduction

Rapid increase in global population has led to an enhancement in the consumption of
agricultural products, which has in turn led to the exploration of newer methods and
techniques for food production. In order to obtain better quality products, various
agricultural management practices are in use. There are numerous factors that
determine farming practices such as cultivars, soil types, irrigation pattern, and
climatic changes. Fertilizer application is considered as one of the most essential
processes for enhancing nutrient availability to the plants, and for the alteration of
soil properties and its associated microflora (Marschner et al. 2003), which in turn
might affect physical, chemical and biological properties of soil.

The practice of new technologies and modern agriculture during the period between
1950 and 1960 was termed as “Green revolution,” which replaced the use of all natural
and organic fertilizers and pesticides. Tremendous increase in amendment with chem-
ical fertilizers in turn compromises with the soil health, and its fertility (Nicholson and
Hirsch 1998). Moreover, such prolific use of chemicals has negatively influenced the
ecosystem and biodiversity. Therefore, there is a great need for the development of
sustainable and eco-friendly approach that excludes or minimizes the application of
agrochemicals and pesticides in conventional farming.

Sustainable agriculture aims at using the soil and ecosystem resources for food
production without jeopardizing the capacity of future generations to do the same. It
implies a systemic approach of farm management and food production, considering
the welfare of the complete ecosystem, including its human and animal components.
A “healthy” soil is a crucial component of sustainable agriculture. Preserving it
requires reduction in the use of synthetic fertilizers, and reallocation towards the
employment of natural resources for improving crop productivity (Reganold and
Wachter 2011). Ecosystem restoration is one of the major aspects that can be
achieved through nutrient recycling and improved soil quality by preventing soil
erosion and/or by higher vegetation diversity, which promotes natural control of
pests, and prevents land degradation (Reganold and Wachter 2011). A number of
organic amendments are being used such as manure, compost, biogas slurry, and
crop residues that enhance organic carbon, water holding capacity, and cumulative
stability of soil. Thus, organic farming promises to maintain the physicochemical
and biological parameters of soil, which increases its productivity (Pérez and
Sommaruga 2006; Johnston et al. 2009; Garcia-Orenes et al. 2010; Brienen et al.
2015; Prosdocimi et al. 2016). An increased biological activity has direct as well as
indirect effect on plant health (Lazcano et al. 2013). Microbes are involved in
different ecological functions, such as nutrient cycling (Bian et al. 2014; Mendes
et al. 2015), organic matter decomposition, bioremediation, bioaugmentation, and
plant growth promotion (Mazzola et al. 2004), which supports the proper function-
ing of agricultural systems, its productivity, and sustainability (Bonkowski and Roy
2005). Hence, a balanced composition of microbes is essential to maintain soil
health. Their composition in soil varies from region to region on the basis of biotic
and abiotic factors. Some studies have reported that organic farming, along with
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other sustainable farming practices, such as reduced tillage or zero tillage, results in
the improvement of soil fertility (Hobbs et al. 2008; TerAvest et al. 2016). Studies
have also supported that such a practice enhances crop productivity by exerting a
positive impact on active soil microflora (Mider et al. 2002). Hartman et al. (2018)
proposed that understanding the dynamics of soil microbes with respect to various
agricultural practices could help in developing management strategies for sustain-
able farming. However, the effect of different agricultural management practices on
microbial diversity is still not well understood. Therefore, in order to achieve proper
understanding of microbial dynamics in the soil ecosystem, there is a need for
in-depth assessment of impact of different agricultural management practices on
structure and function of microbial communities (Tardy et al. 2015).

Nowadays, numerous molecular techniques are being used to evaluate the diver-
sity of microbes in natural environments, which serve as a critical indicator for
changes in environmental conditions, and quality assessment of agriculture systems.
According to Hugenholtz (2002), more than 99% of microbial fraction that exists in
the environment, which can be observed microscopically, is not cultivable, and only
up to and estimated 1% of the total microbial load can be cultured under laboratory
conditions (Rondon et al. 1999; Valentine et al. 2010). In order to identify the
diversity of these non-cultivable microorganisms under different agro-climatic
zones, various cultivation-independent techniques are being utilized, but the exact
role of these microorganisms in the environment is yet to be elucidated (Lyngwi
et al. 2013). Nevertheless, molecular methods and phylogenetic analysis help in
developing a proper understanding of their distribution and function in the environ-
ment (Bailon-Salas et al. 2017).

The present chapter discusses the various aspects related to microbial diversity
under organic management farming practice.

9.2 Organic Farming

Conventional farming is one of the crop-cultivating frameworks, which incorporates
the utilization of fertilizers, pesticides, and herbicides of chemical origin, concen-
trated animal feeding operation, massive irrigation systems, etc. Organic farming is
generally differentiated from conventional agriculture by management practices
that encourage the cycling of assets, include advanced environmental adaptation,
and foster biodiversity. Rather than utilizing engineered composts, chemical fertil-
izers, and pesticides, organic farming depends on crop rotation, plant and animal
excrements as manures, natural weeding, and/or via biological pest control (Wil-
liams 2002). Hence, organic farming limits the negative impacts of intensive agri-
cultural practices by controlling weeds, pests, and diseases through natural
methodologies, and by enhancing biodiversity.

A survey done by the Research Institute of Organic Agriculture (FiBL), in
Switzerland on the worldwide organic agriculture (2018), states that around 57.8
million hectares (1.2%) of agricultural fields are currently under organic farming
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management (Willer and Lernoud 2018). In addition to this, the report includes the
relative surface of land used under organic farming in different countries, and the
number of organic crop producers. Among the 170 countries investigated, India
ranks first in terms of number of organic producers, and ninth in terms of area
covered under organic agriculture (Willer and Lernoud 2018).

There are a number of organic amendments that can help in improving soil quality
and its health, through modification of physicochemical conditions, which includes
water-holding capacity of soil, cationic exchange ability, or change in organic C:N
ratio. In a study by You et al. (2018), an organic amendment like sugarcane mulch
was found responsible for the elevation of carbon and nitrogen contents, microbial
respiration, enzymatic activities, and microbial diversity. These changes in the soil
properties seemed to be independent of plant species. Similarly, biochar is also
considered as one of the most eco-friendly and sustainable regimes for improving
soil quality (Liu et al. 2018). Biochar is charcoal (carbon rich) obtained from plant
matter. It is porous in nature with high surface area, thus helps in enhancing nutrients,
and maintaining water retention in the soil (Laird 2008). In an experiment by Liu et al.
(2018), the impact of biochar on denitrifying microbial communities and soil prop-
erties was investigated, and it was found that biochar application helped in managing
reclaimed soil in the subsidence area of coalmines.

Several studies have monitored the effect of inoculating one or more plant
growth-promoting rhizobacteria (PGPR) or plant growth-promoting bacteria
(PGPB) on the soil microbiome in organic farming (Bashan et al. 2014; Lupatini
et al. 2017). The application of these consortia along with organic amendments
enable the soil to provide favorable environment for the functional indigenous
microbial community. By exhibiting an affirmative effect on the metabolic actions
of soil microbes, these consortia strengthened the plant’s health. The indirect effect
of these consortia was toward controlling various diseases in plants by the enrich-
ment of beneficial microbes in the soil, which potentially eliminates the pathogenic
microbes from the soil. For instance, Bacillus and Trichoderma in the soil were
shown to help in eradicating the Fusarium wilt disease from the plant (Xiong et al.
2017).

9.3 Impact of Organic Farming on Microbial Community
Dynamics

Impact of different agricultural management practices on the microbial community
diversity is still a matter of concern due to limited information (Zhang et al. 2016).
Studies suggest that community composition and functions of microbes can be
altered by different agricultural practices, or even with the type of soil structure
(Bossio et al. 1998). Henneron et al. (2015) described that organic farming can lead
to an upsurge in the abundance and biomass of soil microorganisms from 30 to 70%,
and can help in improving the bacterial pathways in food web operational in soil. For
instance, the interaction between the microbes and microbivorous nematodes take
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part in a micro-food network, which can play a vital role in nutrient cycling and in
the regulation of microbial population. According to Wardle et al. (1995), the
elevated grazing of microbivorous nematodes creat higher burden on bacteria as
compared to fungi. Various studies have proven the sensitivity of fungal diversity
with respect to agricultural management practices. A study conducted by Schneider
et al. (2015) in dairy farms in Ontario reported variations in the communities of
arbuscular mycorrhizal fungi (AMF) under organic and conventional practices. AM
fungi are known for their plant growth-promoting activities by assisting the plant in
phosphorus uptake. Results indicated that organically managed fields have enhanced
AMF community than conventional farms, as judged by plant development and
P-use efficiency. Another study also found a similar trend in terms of Shannon
diversity index, where the diversity of AM fungi was considerably higher under
organic orchards’ farms (Beenhouwer et al. 2015).

In an experiment by Ashworth et al. (2017), the application of different types of
nutrients (inorganic vs. organic) and crop rotations showed a resilient influence on
the structure of microbial community, which had direct impact on various ecological
processes beneficial to agricultural farms. Maximum diversity was observed in fields
amended with poultry litter (organic), compared to inorganic amendments. The
major bacterial phylum that dominated under this treatment was Bacteroidetes,
followed by Proteobacteria and Acidobacteria. Zhang et al. (2016) investigated
the changes occurring in soil microbial community composition, along with the
microbial biomass of bacteria, fungi, AMF, and actinomycete by using phospholipid
fatty acid (PLFA) analysis. Results signified a strong connection among microbial
community structure and environmental factors such as soil moisture, temperature,
pH, and soil organic carbon and nitrogen (both labile C:N and recalcitrant C:N).

Henneron et al. (2015) stated that microbial community under conventional
tillage practices was less diversified and active in comparison to that observed
under organic systems. This phenomenon can be a result of inefficient use of
microbial energy, which is required for coping with the disturbance in their natural
habitat by tillage (Wardle 1995). Similarly, alteration in bacterial community was
strongly observed under tillage, whereas an alteration in the fungal communities was
a result of the different management types as well as tillage (Wang et al. 2012).

A change in microbial community configuration was noticed in response to
cellulose and hemicelluloses as prime carbon source (Dumontet et al. 2017). The
study was conducted using tomato as a model plant, and biochar and other organic
fertilizers (cattle manure, dairy waste, vineyard compost, and poultry or slaughter-
house waste) were used along with control soil. Analysis of soil properties and
microbial community composition was done using denaturing gradient gel electro-
phoresis (DGGE) and BIOLOG® assay, which revealed that biochar amendment
promoted the growth and diversity of cellulose-degrading bacteria. In another study,
an experiment was designed using paddy as a model crop, and the role of different
livestock manure (cattle and swine) on the productivity and soil quality was assessed
(Das et al. 2017). Enhanced diversity of a-Proteobacteria, p-Proteobacteria, and
Firmicutes, and species richness were noticed under composted cattle manure amend-
ment by sequencing of 16S rRNA amplicon. Examination of 16S rRNA (bacterial)
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and 18S rRNA (fungal) DGGE profiles of 19-year-old flower farms was performed
under conventional, ecological, and intermediate management practices (Santamaria
etal. 2017). The results concluded that bacteria were more sensitive to the changes in
the soil quality and, thus, would serve as better indicators for alterations in soil quality
compared to fungi. Wang et al. (2016) stated that organic farming had more stable and
uniform bacterial community structure with increased nutrient availability and soil
enzyme activities. Bacteriain organically managed farms belonged mostly to
Rhizobiales, = Myxococcales,  Thiotrichaceae, = Micromonosporaceae,  and
Desulfurellaceae, while conventional farming practices enhanced the abundance of
acid- and alkali-resistant microbes (Acidobacteriaceae and Sporolactobacillaceae).
Velmourougane (2016) evaluated the long-term effects of organic vs. conventional
farming on Arabica coffee. Analysis of physicochemical and biological activity of
soil revealed higher organic carbon, respiration rate, and fluorescein diacetate activity
under organically managed fields. Organic amendments led to an enhancement of up
to 34% in the abundance of total microbial community in comparison to the conven-
tional practices. Evaluation of organic and conventionally managed apple farms
revealed the consequence of adopting these agricultural management practices on
the composition of fungal communities associated with fruits (Abdelfattah et al.
2016). Phylum Ascomycota was found to be dominant in comparison to other fungal
phyla, and accounted for about 91.6% of the total fungal community. Several unique
taxa were detected under organically managed apple farms. Study also suggested that
management practices might exert a selection on community composition.

At present, studies have employed high-throughput molecular tools for detection
of microbial diversity under natural environment, such as GeoChip, which is a
microarray-based technique consisting of around 28,000 probes that helps in
detecting genes involved in most of the biogeochemical cycles such as carbon,
nitrogen, sulfur, and phosphorus cycles. This is one of the techniques widely used
to study functional microbial diversity in different agricultural management prac-
tices. A study conducted by Xue et al. (2013) using GeoChip as a prime technique
revealed that the expression of functional genes, which are involved in N/P/C cycles,
were higher under organic farming, than conventional farming. In contrast, the
assimilatory pathways involved in N reduction and other metabolic processes,
such as methane oxidation and lignin degradation, were found to be unaffected by
the type of the farming practices. Ding et al. (2018) also used GeoChip to investigate
the shifts in functional microbial diversity found in paddy fields, which were
under different fertilization regimes. The results suggested a change in the commu-
nity structure in treatments amended with the fertilizer, such as rice straw combined
with nitrogen, phosphorus, and potassium (NPK). Members of certain families, like
Bradyrhizobiaceae and Rhodospirillaceae, were found to be responsible for the
increase in crop productivity. Abundance of functional genes were also found to
be in correlation with consequent soil enzymatic activities and crop yield, suggesting
that fertilization might be responsible for community shift due to an enhancement in
soil nutrient turnover, which in turn affected the crop yield. Overall, the study
indicated a change in bacterial population along with an improvement of functional
diversity. The shift was directly linked to the combination of rice straw amended
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with balanced fertilizer dosage. Implementation of a lucrative fertilization regime
incorporated with rice straw and low chemical fertilizer was suggested for ecological
nutrient management.

Thus, it can be concluded that the type of farming practice has a direct impact on
structural and functional diversity of microbial community, with organic farming
exerting an overall positive role on microbial diversity.

9.4 Risk Assessment of Organic Farming

Organic farming promotes the usage of manure or compost in place of chemical
fertilizers (Bengtsson et al. 2005). These organic amendments include various
agricultural wastes such as harvest waste and wastes from farms, poultry houses,
and animals. Animal waste coming from various animal-feeding operations
enhances the risk of release of antibiotics into the environment, as these wastes are
directly applied as fertilizers in the agricultural fields (Hu et al. 2010). Such manure
has also been found to be a reservoir of various heavy metals, antibiotics, antibiotic-
resistant bacteria, genes, and other mobile genetic elements (Chen et al. 2017). So
antibiotic stress has become one of the major emerging issues in agricultural systems
nowadays, not only in India but also worldwide.

Manure enhances soil microbial activities by increasing the levels of organic
matter, soil porosity, moisture, and nutrients, which promotes the growth of a plant
and grain yield. The consistent recycling of organic litter in soil is a proficient
method for sustaining optimal levels of soil organic matter. Thus, an addition of
organic manure in soil was shown to refurbish degraded cropland (Zhen et al. 2014).
Organic manure mostly includes animal wastes, urban organic wastes, crop residues,
biogas-spent slurry, and green manures. Sewage sludge and industrial wastes are
also used in agriculture applications. However, such manure has been found to be
reservoirs of heavy metals, antibiotics, antibiotic-resistant genes and bacteria, and
mobile genetic elements (Chen et al. 2017), which raises the question of safety issues
linked to the application of such organic manure.

Antibiotics are heavily used in farm animals as compared to humans. Animals
partially metabolize the antibiotics and a major fraction is excreted in feces. Overuse
of antibiotics leads to increased occurrence of antibiotic-resistant bacteria (ARB),
which is one of the major threats to global health. Antibiotic resistance increases
because of adaptation by some fundamental mechanisms, like alteration in membrane
permeability toward antibiotics, changes in bacterial proteins that have antibacterial
targets, and the enzymatic degradation of antimicrobial drugs. This antimicrobial
resistance can be conserved in either bacterial chromosome or plasmid target sites
(Dever and Dermody 1991). Manure applications support the entry of ARB together
with nutrients and organic matter into arable soils and water bodies, which poses a
risk not only for indigenous microorganisms but also for human health. Table 9.1
compiles studies related to detection of ARB and ARGs in agricultural systems.
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